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A THEORY OF LUBRICATION IN JOURNAL BEARINGS WITH AN 
ELASTICALLY BENT SHAFT* 


Y. SUGIMOTO 


Ritsumeikan University, Kyoto (Japan) 


INTRODUCTION 


.There are many solutions for the journal bearing having a finite length. For the 
case where the shaft is straight, the oil film pressure distribution in the bearing is 
shown in Fig. 1 in the form of isobars. 

But when the load is increased, the oil pressure distribution as experimentally 
determined will change. In fact, there are two maximum oil pressure points (cf. 
Fig. 2). 
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Bigs 1, Fig. 2. 


The author assumed that this phenomena is due to the influence of bending 
of the shaft. A solution to this problem is given in the following mathematical analysis. 


ANALYSIS 


Let the inner circle of Fig. 3 (left) represent a journal moving with a peripheral 
velocity U relative to the bearing surface. 
Between the two planes, the oil pressure #, given as a function of x and z, must 
satisfy the differential equation ; 
O/i Op 0/1 Op 
eet he 278 |e | 8) = (Ud 
Be lo aa) oS ) 
where / is the thickness of the oil film at any point, A the viscosity of the lubricant, 
x the direction of sliding and z of the horizontal axis. 


* Translation of a paper published in Japanese in J. Japan. Soc. Mech. Engrs., 15 (1949) III2— 
IIIs. 
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In Fig. 3, Ro is the radius of the inner surface of the bearing and & is the radius 
of the ened It is assumed that the viscosity and the sliding velocity are constant. 


Since x=RO and h=mR(a-+-cos6), with mR=O0 0" (cf. Fig. 3), eqn. (I) can be 
written as 


6AURa2 O 


: ie ——— — (a+ cos 6) (2) 
(Ro—R)2 00 


=e (a + cos 6)8 | pares e 
00 1c ozLla 


Pla + cos as . 
where I/a=mR/(Ro—R) and t/a is the eccentricity ratio. 

For a straight shaft, the eccentricity ratio is constant, but for an elastically bent 
shaft, it is a function of z. 

The following relationship exists: 


r 0x0 
a sed Ro—R (3) 
Therefore, 
eect ecis Mia) ) Sos See ee 
ae V2) 0 oe Finn eae (4) 


where f is the angle between the horizontal axis and the centerline 0,0’, t/a: is the 
eccentricity ratio in the A-A plane, and R is the radius of bending curvature. 
Writing also 


vee (5) 
(a + cos 6)® = (6,0) (6) 
and 
6AURa2 @ 
(RoR Be ee (7) 
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we have 
oO Op ae op 
H(6, = | 
The boundary conditions are 
/D=O) Hore (CSO, ail [lie 


p=o for 6=61+9(C), 0=2+9(C) 


therefore, the oil pressure is zero at the circumference of area S (cf. Fig. 4). Curves Bi 
and Bz are given by the following form: 


RC(i — RC) 


———— cos B 
Ber eer a ee Bo Rao (0) 
I RCE(I—RC) 


sin f 


ay 2R (fo— R) 


RE(i — RC) 
aR (RoR) 
6 =a -+ tan-1 gos (10) 
I RCU—RE) 
-- sin B 
ay 2k (Ro—R) 


where @; is constant for the constant load and the constant oil quantity. 
Equation (8) is solved by the following method. The solution is the value that gives 
the minimum of J(p), 


t= [Ilr [ys Ay] er0e-r]e os 


The oil pressure # can be expressed in the form of an infinite series: 


p= ao Cmn sin 


where m=1I,3,5,.--, N=I,2,3,.--, and Cma is a coefficient. 


where 


—¢ sin a = (01 9) (12) 
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Equation (12) does satisfy the boundary condition. 
From eqn. (11) we have 


t= I | 8) + )] + 280 


nIC 


{a T+ (1 (0,2) ( aSaY alm by eras hy (0 —0 
ae a4 sin cos 1 
0 Jne 44n-hh " YR ~ a—ty 


MI mat nm ae 
= ( } ‘2 Cmn cos sin (6 — 61 + ») — 


/|R aw—O 


S a! . nt dp . mnt nm OMS regs Ve 
== sin c (p 
~ . ee dé 1/R a ee +9) | oF 


mae NI ip = 
+ 2F(0) ( ~~ =} sa 
(0,0) A é sin WR einer (@— 61 + 9) | a0 d 
Writing further 
O=t+”, 
we have 


UIE nt mat nx 2 
i= i | [7 t, ( ae Gos 2 
(Pp) mala ae (t,¢) an : Paty sin 7/R 2 (t—6i;))} + 


Yi 4 mm mit  t—6y 
+( seut cos S1n - nIt 
nt 1/R 

m on 


/R 2n—Or 


; = 
alr 2F(t, af > > Cmn sin vata’ sin 6 nz)| dt - dé. 
mt 1/R m— 04 


Then it follows since @ I(p)/@ Cmn = 0, that 


ate no mat t— 6 
H(t, G “t 1 uc | mnt 
i ie | (t,C) ee) mn a sin VR cos —; 7m) (—— sin cos 


mar mat t—O@y 
+( ) } Cmn i at mae 
As mR cos IR sin Peay nm 2 2 om sin ee 


aa z 1/R 
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(== mat t—O6y, me dp mal t— 04 
cos sin — AT sin cos nT 
1/R l/R uw — 04 mz—6, dt 1L/R ma—O1 )| 
mac t— 01 
+ F (¢,C) sin sin — Vit waLwdG == 0 (14) 
1/R JE — OL 


Equation (14) is an equation for the unknown Cm. Therefore, coefficient C mn 
is now determined and the oil film pressure is given by eqn. (12). 


NUMERICAL CALCULATION 


The oil pressure is calculated for the following conditions: 01 = 0, //R=I, B = 75°, 
a, =1.2, R = (10000/24) R and Ro—R = (4/10000) R. 
Further, 
Pp — pia (15) 
where 


a = 1000024 U/R. 


Figs. 5, 6 and 7 show the pressure distribution curves. 
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Fig. 7. 


The curves in Fig. 5 are the pressure distribution lines in the direction of the shaft, 
the curves in Fig. 6 are the pressure distribution lines in the longitudinal direction, 
and the curves in Fig. 7 depict the isobars. 


CONCLUSION 


The pressure distribution in a journal bearing with an elastically bent shaft has 
been analyzed. In this case, there are two points where pressure is at a maximum. 
The results of the analysis are corroborated by the experiments. 


Received January 9, 1959 
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VERSCHLEISSMESSUNG AN VERBRENNUNGSMOTOREN MIT 
HILFE DER SPEKTRALANALYSE 


ELISABETH PIETSCHMANN 


Battelle Institut e.V. Frankfurt am Main (Deutschland) 


ZUSAMMEN FASSUNG 


Die Leistungsfahigkeit der Emissionsspektralanalyse zur Verschleissmessung wird an Hand 
einer Ubersicht iiber die umfangreiche Literatur und eigener praktischer Weriene diskutiert. 
Am Beispiel eines Automobilmotors wird die gleichzeitige Abrieb-Kontrolle an vier Bauteilen 
durch Analyse kleiner Schmierél-Proben beschrieben. Im Vergleich zu dem modernen Isotopen- 
verfahren hat die Spektralanalyse bei ahnlicher Genauigkeit den Vorteil der gleichzeitigen Kon- 
trolle mehrerer Bauteile ohne besondere Schutzmassnahmen, wahrend die diskontinuierliche 
Probenahme zur Spektralanalyse ein gewisser Nachteil sein kann. 


SUMMARY 
MEASURING WEAR OF I.C. MOTORS BY MEANS OF EMISSION SPECTROSCOPY 


The efficiency of emission analysis for the measurement of abrasion is discussed on the basis 
of a survey of the copious technical literature and our own practical experiments. An automobile 
engine is used as an example for the simultaneous abrasion control of four constructional units 
by analysing small lubricant samples. Compared with the modern isotope method, spectroscopic 
analysis combines a similar accuracy with the advantage of a simultaneous control of several 
constructional units without the necessity for special precautionary measures; the discontinuous 
sampling, however, may constitute a certain drawback of the spectroscopic method. 


EINLEITUNG 


Die hohen Anspriiche, die heute an bewegte Maschinenteile gestellt werden, machen 
es erforderlich, den Verschleiss dieser Teile genau zu kennen und zu kontrollieren. 
Die Lebensdauer einer Maschine hangt zum grossen Teil davon ab, wie gross der 
Abrieb ihrer verschiedenen bewegten Teile ist. Dieser Abrieb — seine Menge und 
seine Herkunft — ist daher schon haufig Gegenstand von grundlegenden Unter- 
suchungen gewesen. 

Bei Neukonstruktionen, Verbesserungen und Anderungen an alten Verbrennungs- 
motoren, bei Einsatz von neuen Schmierélsorten und ahnlichen Anderungen der 
Betriebsbedingungen ist zunachst die Grésse des Verschleisses unbekannt und es ist 
daher in allen solchen Fallen zweckmassig, Abriebmessungen durchzufiihren, wenn 
nicht durch unkontrollierten Verschleiss an einzelnen Stellen die Betriebssicherheit 
gefahrdet werden soll, 
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Wie sehr zum Beispiel nur geringe Olverschmutzungen oder ahnliche Faktoren 
den Abrieb beeinflussen, zeigt H. STOLL!. 


VERFAHREN DER ABRIEBMESSUNG 


Meistens werden Abriebmessungen in der Weise ausgefiihrt, dass der Motor nach 
einer bestimmten Laufzeit zerlegt und die einem Verschleiss unterworfenen Teile 
in ihren Abmessungen genau nachgemessen werden. Lokal starker abgenutzte Stellen 
kénnen dabei leicht ermittelt werden. 

Eine weitere Methode zur Abriebpriifung ist die Ermittlung des Gesamtabriebs 
im Ol. Sie hat gegeniiber der mechanischen Messung den Nachteil, dass der von 
verschiedenen Bauteilen stammende Abrieb nicht voneinander unterschieden werden 
kann. 

Um diesen Nachteil auszuschalten, bemithte man sich, mit Hilfe von fiir die ein- 
zelnen Teile charakteristischen Metallen die anfallenden Abriebmengen aufzuteilen. 
Dafiir war in der Spektralanalyse eine brauchbare Methode vorhanden. Zahlreiche 
Autoren haben diese Methode angewendet und ausgebaut. Die wichtigsten Arbeiten 
werden spater besprochen. 

In manchen Fallen war es nicht méglich, den Verschleiss der einzelnen Bauteile 
durch charakteristische Elemente getrennt zu erfassen, da solche Metalle nicht in 
den Legierungen vorhanden waren. Das Suchen nach einfacheren Methoden ging 
daher weiter. Seitdem die technische Anwendung von radioaktiven Isotopen zu einer 
gewissen Reife entwickelt worden ist, begann man, auch diese Methode auf die 
Abriebmessung anzuwenden. Dabei wird das interessierende Bauteil radioaktiv 
markiert und dann durch die Aktivitat des Abriebs, der in das Schmierél gelangt, 
die Menge des vom betreffenden Teil stammenden Abriebs bestimmt. Die Erfassung 
mehrere Bauteile in einem Versuchsgang ist dabei allerdings schwierig oder unmég- 
lich. 

Das Isotopen-Verfahren weist manche Vorteile, aber auch Nachteile gegeniiber 
dem klassischen spektralanalytischen Verfahren auf. 

Von Vorteil ist in erster Linie, dass es 
(a) kontinuierlich arbeitet, 
(b) mindestens mit gleicher Empfindlichkeit arbeitet wie das spektralanalytische 
Verfahren, 

(c) eine Messung sehr schnell durchfiihrbar ist. 

Diese Vorteile fallen besonders bei neuen kleinen Motoren ins Gewicht, wo es 
unter Umstanden wichtig ist, den Verschleiss kontinuierlich zu verfolgen. 

Sehr nachteilig wirkt sich dagegen aus, dass 

(1) fiir jeden Bauteil ein eigener Versuchsgang erforderlich ist, 

(2) das Arbeiten mit radioaktiv-markierten Konstruktionsteilen, besonders wenn 

sie relativ gross sind, gefiahrlich ist und deshalb Schutzmassnahmen notig sind, 

(3) als Folge der genannten Schwierigkeiten die Kosten hoch werden kénnen. 

Dennoch hat dieses Verfahren als modernstes Untersuchungsverfahren in kiirzester 
Literatur S. 348 
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Zeit die altere Methode fast ganz in den Schatten gedrangt und wird bisweilen auch 
dort unter grésstem Kostenaufwand angewendet, wo die klassische Methode weitaus 
zweckmiassiger ware. Uber das Isotopenverfahren berichtete bereits H. SToLy! in 
sehr anschaulicher Weise. Ziel der vorliegenden Arbeit ist es, die spektralanalytische 
Abriebmessung durch Aufzeichnung ihrer Anwendungsméglichkeiten, ihrer Genauig- 
keit und ihrer Grenzen wieder an den Platz zu stellen, den sie ausfiillen kann. 


(a) Spektralanalytische Abriebmessung in der Literatur 


Mit einer Arbeit von MuRRAY UND PLAGGE? begann eine lange Reihe von Ver6ffent- 
lichungen iiber dieses Gebiet. Die einzelnen Autoren schlugen hauptsichlich zwei 
unterschiedliche Wege ein: 

1. Indirekte Verfahren, namlich Veraschung der Ole bzw. Schmierstoffe und Be- 
stimmung der metallischen Komponenten der Asche. 

2. Direkte Verfahren, namlich Bestimmung der metallischen Bestandteile im Ol 
ohne Vorbehandlung desselben. 

Die Arbeiten von GUNN UND Powers’, von GAMBLE UND KiNG‘ und vielen 
anderen>12 befassen sich hauptsiichlich mit der Aufgabe, in verschiedener Weise 
die Spektren der Olaschen aufzunehmen. Einerseits werden Elektroden aus den 
Proben gepresst, andererseits dieselben in ausgehdhlte Kohleelektroden eingefiillt. 
BARNEY und Mitarbeiter!? unterzogen vor allem die verschiedenen Veraschungs- 
methoden einer eingehenden Priifung und fanden, dass das sogenannten saure Ver- 
aschen, ferner einige Extraktionsmethoden die einzigen Anreichungsmethoden der 
Spurenelemente im Ol sind, bei denen keine Substanzverluste auftreten. Ahnliche 
Erfahrungen machten auch andere Autoren141>, HANSEN?® und andere?’ wollten die 
Gefahr des Substanzverlustes dadurch vermeiden, dass sie das Ol direkt in der Spek- 
tralkohle veraschten. McEvoy und Mitarbeiter!’ wendeten aus demselben Grund 
katalytisches Veraschen an. Eine andere interessante Methode ist die Kohlebett- 
methode von GENT und Mitarbeitern!®, bei der die Probe in einem , Kohlebett”’ mit 
einem sehr grossen Uberschuss von Kohlepulver verbrannt wird. 

Bei der zweiten Gruppe von Untersuchungsverfahren wird jede Vorbehandlung 
des (les vermieden, um Fehler wie Glithverluste usw. auszuschalten. CALKINS UND 
Wuite2®, ferner CLARK?! und andere?? beluden vorerhitzte Elektroden durch Ein- 
tauchen mit der Substanz und verbrannten sie so direkt bei der Aufnahme im Licht- 
bogen. Einige Arbeiten?*.?4 beschreiben die Verwendung von porésen Kohleelek- 
troden, durch die das (lin dem Masse in den Entladungsraum nachsickert, als es dort 
durch den Abbrand verbraucht wird. GuNN2® verwendete unter anderem auch Press- 
elektroden aus Kohlepulver, Ol und Kobaltstearat als innerem Standard. 

Die weitaus giinstigsten Ergebnisse dieser zweiten Gruppe von Arbeiten liefert die 
Methode mit rotierender Kohleelektrode, die von PIERUCCI und Mitarbeitern?® erst- 
malig fiir Ol verwendet worden ist (siehe ferner27.28), Die standig von frischem Ol 
benetzte Abfunkstelle bringt viel mehr Substanz zur Anregung und gestattet daher 
auch die Erfassung von geringen Spuren. Dabei kommen ganz neue beeinflussende 
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Faktoren zur Geltung. So untersuchten Key unp HoGcan2® den Einfluss z.B. des 
Radchengewichtes auf das Ergebnis. 

Uber die Radchenmethode sind einige sehr ausfiihrliche und instruktive Arbeiten 
erschienen 30-33, 

GAMBRILL und Mitarbeiter?4 verglichen die Ergebnisse dieser Methode mit denen 
der porésen Kohleelektrode. KARCHMER UND GUNN!4 stellten die Ergebnisse der 
indirekten und direkten Verfahren einander gegeniiber. Einen Vergleich zwischen 
Spektralanalyse und colorimetrischen Verfahren geben Dyrorr und Mitarbeiter, 
Die bis 1956 erschienene Literatur findet man in einer Zusammenfassung von 
MEGGERS#4,35, 

In der anhangenden Tafel I sind einige fiir die Abriebpriifung wichtige Daten wie 
Nachweisbarkeitsgrenze, Fehlergrenze und erforderliche Probemenge aus verschie- 
denen Veréffentlichungen zusammengestellt. Daraus lassen sich auch charakteris- 
tische Unterschiede zwischen direkten und indirekten Verfahren erkennen. 


(b) Das spektralanalytische Verfahren in eigenen Versuchen 


Im Battelle-Institut wurden schon wiederholt Schmieréle und andere Olprodukte 
auf Metallspuren untersucht. Es liegt daher aus vielen oft sehr unterschiedlichen 
Aufgaben Erfahrungsmaterial vor, das nun vom Standpunkt dieser Arbeit gesichtet 
und herangezogen werden konnte. Im Rahmen der eigenen Versuche wurden sowohl 
direkte als auch indirekte Verfahren im Hinblick auf ihre Brauchbarkeit zu Abrieb- 
messungen untersucht. 

AB Ee it 


GEHALTE DER TESTMISCHUNGEN AN METALL 


Mischg. Fe(%) Zn(%) Pb(%) Zr(%) Co(%) Mn(%) Cu(%) 


Nr. 

Ila 0.225 0.094 Ont a = et aie 
b 0.225 0.094 0.01 — a _— = 
fe 0.225 0.094 0.001 — — = = 

2a 0.225 0.094 — 0.091 — a= ek 
b 0.225 0.094 — 0,0091 — — = 
Cc 0.225 0.0904 — 0.00091 -- — = 
d 0.225 0.094 —_— 0.00009 — = — 

3a 0.225 0.094 — — 0.09 — — 
b 0.225 0.094 — — 0,009 — = 
€c 0.225 0.094 — — 0.0009 _ — 
4a 0.225 0.094 — — — 0.089 — 
b 0.225 0.094 — — — 0,0089 —_— 
c 0.225 0.094 = = == 0.00089 —- 

5a 0.225 0.094 — — — — 0.05 
b 0.225 0.094 = = == — 0.01 
c 0.225 0.094 — = — — 0.001 
d 0.225 0.094 = == = = 0.0001 

6a 0.225 0.094 — ==. ae “Se = 
b 0.225 0.0094 — = aoa = — 
e 0.225 0.00094 — — i —— — 

it 0.225 0.094 O.1 0.0091 0.09 0.089 0.01 

II 0.225 0.094 0.01 0.0036 0.009 0.0089 0.001 

Ill 0.225 0.094 0.004 0.00091 0.0036 0.0036 0.0004 

IV 0.225 0.094 0.001 0.00045 0.0009 0.0009 0.0001 
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In Vorversuchen wurde fiir die indirekten Verfahren die beste Veraschungs- 
methode ermittelt. In weiteren Versuchen wahlten wir unter den méglichen Anre- 
gungsbedingungen die geeignetsten aus. 

Mit den auf diese Weise gefundenen Daten wurden sodann systematische Ver- 
suchsreihen an Testmischungen und Altélproben ausgefiihrt. 

Die Testmischungen bestanden aus reinem Schmierél mit Zusatzen 6lléslicher 
Metallverbindungen, deren genaue Zusammensetzung aus Tafel II ersichtlich ist. 
Dazu wurden die in Tafel III angefiihrten Substanzen verwendet. 


TAFEL III 


DIE ZUR HERSTELLUNG DER MISCHUNGEN VERWENDETEN ORIGINALSUBSTANZEN 


Substanz-Bezeichnung Metallgehalt Herkunft 


Soligen-Kobalt-6-flissig 


(Co-Naphthenat) 6.0% Farbwerke Hoechst AG. 
Soligen-Mangan-fliissig 
(Mn-Naphthenat) 5.0% Farbwerke Hoechst AG. 
Nuodex - Zertifikat 
(Zn-Octoat) 8.0% Gebr. Borchers AG, Goslar 
Nuodex-Zertifikat 
(Zr-Octoat) 6.0% Gebr. Borchers AG, Goslar 
Nuodex-Zertifikat-Blei 24.0% Gebr. Borchers AG, Goslar 
Nuodex-Zertifikat-Eisen 6.0% Gebr. Borchers AG, Goslar 
Kupferstearat fest 10.0% unbekannt 


DURCHFUHRUNG DER VERSUCHE 


1. Veraschungsversuche 


Es wurden folgende Methoden auf ihre Brauchbarkeit gepriift: 
(a) direktes Veraschen 

(b) saures Veraschen 

(c) oxydierendes Veraschen 

(d) Veraschen mit Zusatzelementen. 


(a) Direktes Veraschen. 20 g Altél wurden auf einer Heizplatte erhitzt und so weit 
eingedampft, dass die zuriickbleibende zihe Masse eben noch mit dem Spatel 
herauszunehmen war. Der Gewichtsverlust wurde bestimmt und ein aliquoter Teil 
des Riickstandes in einem Porzellantiegel bei 800°C verascht. 

Sowohl von dem zihen Riickstand als auch von der erhaltenen Asche wurden halb- 


quantitative Analysen nach Harvey durchgefiihrt, deren Ergebnisse in Tafel IV 
zu sehen sind. 


(b) Saures Veraschen. 20 g des Altéls wurden mit 20 ml konzentrierter Schwefel- 
sdure versetzt und auf einer Heizplatte zum Sieden erhitzt. Beim Auftreten von 
weissen Schwaden von SOs wurde weitere konzentrierte Schwefelsaure zugegeben, bis 
nach und nach 50 ml in der Mischung vorhanden waren. Nun wurde bis zum Ver- 
schwinden der weissen Nebel weiter erhitzt und zuletzt eine kérnige verkohlte Masse 
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erhalten. Die Gewichtsverianderung wurde wieder ermittelt und ein aliquoter Teil 
der Riickstandes in einem Porzellantiegel wie unter (a) verascht. Auch hier wurden 
von beiden Substanzen — der Asche wie des Riickstandes — Aufnahmen gemacht, 
deren Ergebnisse in Tafel IV enthalten sind. 


TAYFEL IV 


VERASCHUNGSVERSUCHE VON ALTOLPROBEN 


(a) ohne Schwefelsiéure (b) mit Schwefelsiure 
Riickstand Asche Riickstand Asche 
Gesamtmenge 20.0% O42, FOLOO, 0.58 % 
Gehalt an: 
Be (%) um 0.2 2 —5 um 0.03 2 —5 
Zino) um 0.2 2 —5 0.02-0.05 2 = 
P- (%) um 0.03 0.5 —-I.0 os 0.5 1.5 
Cu, (25) um 0.01 0.5 -2.0 0.002—0.008 1.0 -3.0 
Mn (%) um 0.006 0.05 —0.1 — 0.05 —0.2 
ALE (9%) 0.02-0.05 I -2 — I -2 
Cre (9%) um 0.002 0.1 -0.3 a O.I -0.5 
Sti) — 0.05 —0.2 — O.I -0.3 
Gonos) — 0.01 —0.03 — 0.01 —0.05 
INI (%) — 0.01 —0.05 = 0.03 —0.07 
Lean (OF) = 0.001-0.01 as 0.005-0.02 
WES) = 0.03 —0.07 — 0.05 —0.2 
Mo (%) 0,00I-0.002 — 0.005—0.01 
AG (%) — 0.002—0.005 — 0.003—0.005 


(c) Oxydierendes Veraschen. 20 g der Probe wurden mit 20 ml konzentrierter 
Schwefelsdure und ca. 5 ml Perhydrol (30% H2Oz) versetzt und auf der Heizplatte 
zam Sieden erhitzt. Bei ahnlich gearteten Arbeiten in diesem Laboratorium hatte 
diese Methode zuletzt nach véligem Verkohlen und Verbrennen der organischen 
Substanz zu einem hellen Salzgemisch gefiihrt, das alle Verunreinigungen in Form 
von Sulfaten enthalten hatte. Im Falle des Altéls gelang der Versuch jedoch nicht. 
Durch noch so haufige und sorgfaltige Zugabe von Schwefelsdure und Perhydrol 
blieb das Gemisch schwarz und schmierig und less sich nur in derselben Form, wie 
unter (b) beschrieben, gewinnen. Die Probe wurde daher verworfen und auch den 
Ursachen des Misslingens im Rahmen dieser Arbeit nicht nachgegangen. 


(d) Veraschen mit Zusatzelementen. In der Praxis kommt es vor, dass ein Ol, das 
nur kurze Zeit in einem Motor verwendet worden ist, verascht und analysiert werden 
soll, z.B. wenn der Abrieb in einem Motor bereits nach 2 h Laufzeit ermittelt werden 
soll. Die Zusammensetzung der Asche ist nach dieser kurzen Zeit groéssenordnungs- 
miissig nicht wesentlich anders als nach roo h, in den meisten Fallen liegen also die | 
Werte noch etwa 2 Zehnerpotenzen iiber der Erfassungsgrenze. Die Aschenmenge 
einer Probe ist aber nach 2 h wesentlich geringer als nach roo h, bei geringem Abrieb 
sind also unter Umstdanden so grosse Olmengen erforderlich, um eine fiir eine Spektral- 
aufnahme ausreichende Menge Asche zu erhalten, dass durch ihre Entnahme der 
Versuchsgang beeinflusst wird und ausserdem zur Veraschung von so viel Ol ein viel 
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zu grosser Aufwand erforderlich ware. Wenn man in einem solchen Falle nun dem 
(1 vor der Veraschung beispielsweise Fe-Zertifikat in einer so grossen Menge zusetzt, 
dass der Eisengehalt der 10 bis toofachen Aschenmenge entspricht, so erreicht man, 
dass nur mehr ein Zehntel bis ein Hundertstel der Olmenge erforderlich ist, um die 
fiir die Aufnahme nétige Aschenmenge zu erhalten. Die Gehalte der Asche an Spuren- 
elementen, bezogen auf das in jedem Falle als Hauptmenge vorhandene Eisen, 
sinken dadurch um eine bis zwei Zehnerpotenzen herab, was aber in den meisten 
Fallen noch kein Unterschreiten der Erfassungsgrenze bedeutet. 

Die diesbeziiglich angestellten Versuche bestatigen die Richtigkeit der gemachten 
Uberlegungen. 


2. Ermittlung der Anregungsbedingungen 


Die Aufnahmen wurden an einem 1.5 m Gitterspektrographen der Applied Re- 
search Laboratories gemacht. Zur Anregung diente eine Multisource-Unit mit Hoch- 
spannungsteil. Als Filmmaterial wurde Kodak SA I verwendet, welches in Kodak 
D-19 entwickelt wurde. 

Durch mehrere Aufnahmen wurden die folgenden Anregungsbedingungen als die 
giinstigsten ermittel: 


direkt indirekt 
Spannung Io—15 kV 320 V 
Stromstarke g—I1rA 
Anregungsform Hochspannungsfunken Gleichstrombogen 
Vorschaltwiderstand 25 QO 
Filter am Spektrographen 100% Durchlassigkeit 12% Durchlassigkeit 
Vorfunkzeit 30 sec 
Belichtungszeit go sec 120 sec 
Elektrodenabstand 5 mm 5 mm 
Elektrodenform Radchen-9 12 mm X 3 mm Harvey-Elektrode 

Loch—# 3 mm, Kupferachse 

Gegenelektrode stumpf kegelig stumpf kegelig 
Spaltbreite 20 Ul 20 


3. Versuche nach indirektem Verfahren 


Fir diese Versuche wurden keine besonderen Testsubstanzen hergestellt, da die 
Reihe der im Handel erhiltlichen ,,Spex’’-Teste bereits geeignete Testmischungen 
fiir diese Versuche darstellen. Diese Teste enthalten eine grosse Zahl von Elementen, 
die derart zugesetzt sind, dass jedes Element in Kohlematrix in folgender Menge 
vorhanden ist: 

Spex Nr. % jedes Elementes, 


bezogen auf die Gesamtmenge 


O.T 
0.01 
0,001 
0.0001 


fBwWNeH 


Da die nach 1 (b) vorbereitete Probe ebenfalls die einzelnen Elemente in Form 
von Oxyden oder Sulfaten enthalt, geniigt es, sie entsprechend den Testen 1:10 
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Abb. 1. Eichkurven von Spextesten. Die Zahlen neben den Symbolen der Elemente bedeuten 
die Wellenlangen der verwendeten Linien in A-Einheiten. Die Intensitatswerte sind relativ, 
bezogen auf den Untergrund neben der Linie. 


I:100 und 1:1000 mit spektralreinem Kohlepulver zu verdiinnen. Man erhalt dann 
mit den Testen vergleichbare Substanzen. Die Eichkurven sind in Abb. 1 zu sehen, 
die Werte der Probe in Tafel V, letzte Spalte. 


TAFEL V 


PROBEANALYSE EINES ALTOLES 


Verwendete Linie 


Konzentrations- 
bereich 


Konzentration 
in der Asche 


Gehalt der Altolprobe 


Metall ( DE oion ) 9, % igre best. ee 
Fe 3020.6 0.001 —O.01 

2949.2 0.0l —O.1 277, 0.0162 
Cu 3247.5 0.000I-0.01 

3274.0 0.001 -O.I 2.4 0.0144 0.015 
Mn 2570.1 0.00I —0.0I 

2949.2 0.0I -O.I 0.058 (0.0003) 

3460,0 0.001) —0;1 
Pb 2833.1 0.00I —O.1 1.0 0.006 0.005 
Ni 3414.7 0.00I —0.01 

3050.8 0.0L —-O.1 0.078 (0.0005) 
Gr 4254.3 0.001 —0.01 

2077.2 0.01. -O.1 0.11 (0.0007) 
Co 3453-5 0.00I —O.1 
Zr 3392.0 0.0005-0.01 


Diese Werte wurden spater bei den indirekten Verfahren den Altélaufnahmen bei 
der Ermittlung der Fehlergrenzen und der Abweichung von Testmischungen und 


Alt6l zugrundegelegt. 
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Die Fehlergrenze dieses Verfahrens errechnet sich aus dem Fehler bei der Ver- 
aschung, der praktisch gegeniiber der Spektralanalyse nicht ins Gewicht fallt und 
dem beim Arbeiten mit Spex-Testen bekannten Fehler von + 5 bis + 10 Rel. %. 

Die Erfassungsgrenzen liegen um 0.001%, eines Elementes in der Asche, d.h. eine 
Menge von ca. 0.05 Teile des Elementes auf 1 Million Teile Ol kann noch bestimmt 


werden. 


4. Versuche nach direktem Verfahren 

Wie schon erwahnt, wurde fiir diese Arbeiten die Kohleradchenmethode ange- 
wandt. Die Testsubstanzen wurden zuniachst so aufgenommen, dass sich fiir jedes 
Element eine eigene Eichkurve ergab. Dann wurden sie derart gemischt, dass jede 
Lésung alle betrachteten Elemente nebeneinander enthielt. Die sich daraus ergeben- 
den Eichkurven fiir die einzelnen Elemente stammten also aus denselben Spektren. 
Auf diese Weise wurde der Fehler ermittelt, der sich durch den Einfluss anderer 
Lésungspartner, die ja im natiirlich anfallenden Ol verschieden konzentriert sein 
werden, einstellt. Es zeigt sich, dass er im allgemeinen vernachlissigbar gering ist, 
dass also bei Anwendung der Methode auf verschieden zusammengesetzte Ole keine 
Riicksicht auf die Konzentrationsverhialtnisse der vorhandenen Elemente zueinander 
genommen zu werden braucht (siehe Abb. 2). 


12) 
© Einzellosungen x 2£6:3392.0 
x Mischungen : Zn 3282.3 — 
Mn 3460.0 
Zn 3282.3 


epee 


) 


A 7 

= Co 3453.5 

5 Zn 3282.3 

o 

{at} 
2 5 Pb 28331 
al Zn 3282.3 
i) 

qd 

| 
fur Pb 0.001 0.01 0.1 %o 


0.0001 0.001 0.01 0. Slo 
Konzentration 


Abb. 2. Eichkurven von Testmischungen. Die Intensitat der einzelnen Linien ist hier auf eine 
Linie des Zinks, das als innerer Standards in jeder Mischung in gleicher Menge vorhanden war 
bezogen. f 


Einige Versuche zeigten, dass aufgeschlammte feste Salze der jeweiligen Elemente 
im Ol im Vergleich zu homogenen Lésungen keinen zusitzlichen Fehler bei der 
Analyse verursachen. Aus einer Reihe von 35 gleichen Spektren des Altéls ohne 
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besondere Verdiinnung oder Vorbehandlung desselben wurde der Streubereich dieser 
Aufnahmen ermittelt. 


Der mittlere Fehler der Einzelmessung?* 


n—T 


ip = 


betragt 6.5 bis 7.0 Relativprozent, der mittlere Fehler des Mittelwertes 


Fm = ae 
nN (n—1) 
etwa 1.4 bis 1.7 Relativprozent. 
({ = Einzelfehler, n = Anzahl der Aufnahmen) 


ANWENDUNGSBEISPIEL 


Die Daten zu dem im folgenden durchgerechneten Beispiel stammen teilweise von 
einem mittelgrossen Ottomotor, der in grossen Stiickzahlen hergestellt wird; die 
mittleren Verschleisswerte sind der Arbeit von STOLL! entnommen. 

Es wird im folgenden gezeigt, wie der wahrend des Einlaufens des neuen Motors an 
Zylinderbiichse, Kolbenringen, Lagern und Kurbelwelle entstehende mechanische 
Abrieb bestimmt werden kann. 

Zunachst muss gepriift werden, welche Elemente fiir die zu untersuchenden Bauteile 
jeweils kennzeichnend sind, also von allen dem Verschleiss unterworfenen Motorteilen 
jeweils nur in ihnen vorkommen, ferner ob die zu erwartenden Abriebmengen im 
Bereich der spektralanalytischen Eichkurven liegen. 

Folgende Daten des genannten Motors werden bei der Berechnung verwendet: 

1. Aus der Werkstotfanalyse: 


Zylinderbiichse 0.3% Mo 
Kolbenringe 0.4% V 

Lager T.09/) Sit 
Kurbelwelle 3.5% Ni 


Wahrend Mo, V und Sn nur in den genannten Bauteilen vorkommen, ist Ni in 
allen Teilen des Motors vorhanden. Zur Durchfiithrung der Analyse miisste in einem 
Versuchsmotor das Nickel der Kurbelwelle zu 0.5°% durch Co ersetzt werden, was in 
unserem Beispiel auch angenommen wird. 

Die spezifischen Gewichte der Legierungen betragen fiir die Lager rund 1o, fir die 
drei tibrigen betrachteten Bauteile rund 7 g/cm®. 

2. Aus den Konstruktionsunterlagen wurden die Oberflachen der betrachteten 
Teile errechnet, soweit sie mit dem Ol in Beriihrung kommen bzw. zum Abrieb 
beitragen: 


Zylinderbiichse 1200 cm? 


Kolbenringe 115 cm? 
Lager Igo cm2 
Kurbelwelle 1go cm? 


Der Motor fasst 3 1 Schmierdl. 
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Als durchschnittliche Dicke der abgetragenen Schichten nach roo h Laufzeit 


wurden 0.0004 cm angenommen. 
Aus diesen Werten lisst sich errechnen, dass eine Probe von 10 ml Ol nach rooh 


Laufzeit folgende Metallmengen enthalten wiirde: 


Ii mg aus den Zylinderbiichsen, 
1.5 mg aus den Kolbenringen, 
2.8 mg aus den Lagern, 

1.8 mg aus der Kurbelwelle. 


Die Asche einer solchen Probe miisste ungefahr folgende chemische Zusammen- 


setzung haben: 


0.2 % Mo 
0.02% V 

0.04% Sn 
0.05% Co. 


Die Werte liegen im Bereich der spektralanalytischen Eichkurven. 

Soll der Abrieb beispielsweise nach Io h bestimmt werden, so waren dazu nur etwa 
20 ml Ol erforderlich, weil die Menge des abgeriebenen Materials pro Zeiteinheit beim 
Einlaufen des Motors ungefahr nach einer e-Funktion mit der Zeit abnimmt. 

Bei der Bestimmung des Abriebs wahrend der Einlaufzeit wird also zum Beispiel 
nach 2, 10, 30, 60 und roo h je eine Probe Ol von 10 ml entnommen und durch 
frisches Ol ersetzt. Die Proben werden auf ihren Gehalt an den genannten Metallen 
spektralanalytisch untersucht. In Tafel VI sind die Zahlen zusammengestellt, die sich 


TAFEL VI 


ERGEBNISSE EINES ANWENDUNGSBEISPIELES 


Laufzeit in Stunden 


2 ro 30 60 r00 

Verwendete Probemenge Ol ml 10 10 10 10 10 
E/isenzertifikatzusatz mg 110.3 FBS 35.0 — — 
Gesamtaschenmenge mg 24.2 24.8 26.0 24.2 26.3 
Davon Abriebasche (oxydisch) mg 5.26 12:27 19.9 24.2 26.3 
Gesamtabriebmenge (metallisch) mg 3.68 9.44 13.92 16.95 18.63 
Spektralanalyse der Abriebasche 

Mo (0) 0.1280 0.1277 0.1237 0.1189 0.1230 

V (Yo) 0.0408 0.0223 0.0224 0.0224 0.0328 

Sn (o) 0.0856 0.1154 0.1302 0.1440 0.1895 

Co (%) 0.0242 0.0333 0.0299 0.0356 0.0382 
Anteil der Einzelteile am Abrieb 
in je 10 cm® Probe 
Zylinderbiichse mg 2.36 5-45 8.75 10.08 11.45 
Kolbenringe mg 0.67 1.04 1.70 2.07 2.73 
Lager mg 0.40 1.25 2.30 3.10 4-45 
Kurbelwelle mg 0.25 0.80 Der7 1.70 2.00 
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bei einem angenommenen Analysenergebnis aus einem solchen Versuch errechnen. 
Die Analysenwerte wurden mit Hilfe der analytischen Faktoren und der bekannten 
Daten des Motors in Abriebmengen umgerechnet. Abbildung 3 zeigt die aus diesen 
errechneten Werten erhaltenen Abriebkurven. Diese Abriebkurven zeigen die 
Mengen an Abrieb im gesamten Ol wahrend des Einlaufens. Man sieht den immer 
langsamer werdenden Verschleiss der Teile. 


3000 
xX Zylinderbtichse 
e x + Kolbenringe 
@ Lager 
a 
‘o © Kurbelwelle 
6 
6 
2000 


(e) 10 (@) é 
3 28 Laufzeit ACOgh 


Abb. 3. Abriebkurven. Unter Abrieb wird die gesamte Abriebmenge im Olsumpf des Motors 
verstanden. 


Mit diesem Beispiel soll veranschaulicht werden, dass bei dem spektralanalytischen 
Priifverfahren gleichzeitig der Abrieb von vier wesentlichen Bauteilen, zwar diskon- 
tinuierlich, jedoch mit geniigender Genauigkeit messend verfolgt werden kann. Es 
werden also ohne hinderliche Strahlenschutzmassnahmen Aufschliisse erhalten, die 
denen der radioaktiven Methode gleichwertig sind. 


SCHLUSSFOLGERUNG 


Wie das Anwendungsbeispiel zeigt, ist die spektralanalytische Methode in vielen 
Fallen zur Abriebpriifung sehr gut geeignet. Die ziemlich hohe Empfindlichkeit, die 
sich durch die Erfassungsgrenze von 5-10-* % eines Elementes im Ol ausdriickt, 
gestattet, etwa notwendig werdende Zusatze an fremden Metallen zu den Werkstoffen 
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so gering zu halten, dass eine Beeinflussung der Werkstoffeigenschaften vermieden 
wird. Die relativ engen Fehlergrenzen (-- 5 bis 10% beim direkten bzw. + 1.5 bis 
2 Rel. % beim indirekten Verfahren) gewahrleisten ausreichende Genauigkeit. 
Dariiber hinaus ist die Gefahrlosigkeit des Arbeitens ohne radioaktives Material 
und die Ersparnis der Schutzmassnahmen oft Grund genug, diese Methode anderen 


vorzuziehen. 
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FOUR-BALL TEST ON LUBRICATING OILS CONTAINING 
SULTD PARIMCLES* 


F. HIRANO anp S. YAMAMOTO 


Department of Mechanical Engineering, Faculty of Engineering, Kyusha University, Fukuoka 
(Japan) 


SUMMARY 


In order to investigate the effect of solid particles in lubricating oils, systematic research was 
carried out using a four-ball machine. The effects of hardness, concentration of particles and 
viscosity of oil were specially taken into consideration. Softer particles like metal powder do not 
penetrate into the contact surfaces, but accumulate at the front of the contact area and disturb 
the formation of an oil film, causing a slight amount of abrasion. On the other hand, particles 
such as quartz powder or carborundum are easily introduced into the contact area, causing 
marked increase in abrasion. There is a straightforward relationship between the area of im- 
pression and the concentration of particles. The test with the Timken machine gives similar 
results. 


LUSAMMENFASSUNG 


Zur Untersuchung der Wirkung der in Schmierél vorhanden festen Teilchen wurden systema- 
tischen Versuche mit dem Vierkugel-apparat durchgeftihrt. Dabei wurden besonders der Einfluss 
der Harte und der Konzentration der Teilchen sowie der Zahigkeit des Ols beriicksichtigt. Weichere 
Teilchen wie Metallpulver dringen nicht in die Beriihrungsflachen ein, sondern sie haufen sich 
vor der Beriihrungsstelle an und verhindern dadurch die Bildung des Schmierfilms. Dagegen 
dringen hartere Teilchen, wie z.B. Quarzpulver oder Karborund leicht in die Beriihrungsstelle ein 
und verursachen dadurch eine betrachtliche Zunahme des Verschleisses. Versuche mit der Timken- 
Maschine ergeben ganz ahnliche Ergebnisse. 


INTRODUCTION 


Lubricating oil often contains dust particles or metal fragments. These solid par- 
ticles cause various difficulties in practice. The problem has been solved mostly by 
empirical methods according to the circumstances. Systematic investigations have 
been rather scarce in number owing to the complicated nature of the problem. How- 
ever, investigations on the effect of foreign particles on the wear of bearings or piston 
rings have been carried out by MCKEE!, RYLANDER?, ROACH®, WatTSONn ef al.4 and 
WELLINGER®. CLAYTON® also reported on the lubricating property of graphitized oil 
and oils containing zinc oxide in a paper on the testing of extreme-pressure lubricants 
by means of the four-ball machine. 

Recently, increasing attention has been paid to this problem in Japan. The authors 
* Published partly in Japanese in J. Japan. Soc. Lubrication Eng., T (1956) 24 and J. Japan. Soc, 
Mech. Engrs., 62 (1959) (in the press). 
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investigated the effect of concentration and hardness of particles, viscosity of the 
lubricant, and rubbing speed. The main part of the research was carried out using a 
four-ball machine, and comparison was made with the results of the Timken test. 


NOMENCLATURE 


C concentration of particles 

W load applied to one of the clamped balls, in kg 

d diameter of impression, in mm 

do diameter of impression by base oil, in mm 

A area of impression, in mm? A = (1/4)d? 

Ao area of impression corresponding to do, in mm? 

1 mean distance of particles, in mm 
diameter of particles assumed to be spherical, in mm 
density of particle 

oo density of base oil 

ti coefficient of friction 


EXPERIMENTAL METHOD 
Testing apparatus 

The four-ball machine improved by Prot. Sopa of Tokyo University was used 
throughout the experiments. Test pieces consisted of four hard steel balls, 3/4-in. 
in diameter. The top ball rotates on a vertical axis, while the three other balls are 
clamped in a container in which is placed 60 ml of the oil to be tested. The test 
procedure normally used in Japan is as follows. After each run of one minute duration 
at 200 r.p.m. the oil pressure of the hydraulic loading system is raised by 0.5 kg/cm2, 
which corresponds to an increase of 10 kg load on each clamped ball. The test is 
continued until scuffing begins, in the meantime measuring the friction torque by a 
torsion bar connected to the container. 

This standardized procedure, however, was not suitable for the present research, 
since the estimation of the abrasion of the the balls would have been left out of con- 
sideration. Hence, in a similar way to the procedure used with the ‘‘Shell’”’ Four-Ball 
Apparatus, the diameter of impression on each clamped ball is measured after 
10 minutes’ rubbing under constant load. The contact position of the balls is changed 
after each rubbing. The rubbing speed is 220 r.p.m. or 0.127 m/sec. A period of 
10 minutes is found to be sufficient for obtaining reproducible friction and abrasion 
data. 


Preparation of sample oils 
Solid particles mixed in oils are as shown in Table I. 
(i) Metal powders = Aluminium and copper powder. 
(ii) Abrasives Green carborundum GC ¥ 120, # 500, # 1000, white alundum 


WA # 500, quartz powder, chromium oxide and ferric oxide, 
(ii1) Solid lubricants Graphite and molybdenum disulphide. 
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TABLE I 


SOLID PARTICLES MIXED IN LUBRICATING OILS 


Size () 


Particles Density ; Mohs’ 
Maximum Minimum Mean Miho 
Metal powders 
Aluminium 40 5 30 2.69 2.3-2.9 
Copper 40 5 20 8.9 B 
Abrasives 
Quartz powder 30 B 15 2.06 7 
White alundum WA # 500 20 3 15" aly 9 
Green carborundum GC # 120 — — 70* By 30) 9.5-9-75 
GC # 500 20 3 T5 - yD 
GC # 1000 15 3 10* Oe 2 
Ferric oxide 5 3 4 5.3 5-5-6 
Chromium oxide 6 4 5 5.2 6 
Solid lubricants 
Graphite 15 — 10 BAS) I-2 
Molybdenum disulphide 10 — 5 4.8 


* These data were obtained by microscopic observation and are slightly different from the com- 
mercial grit numbers. 


The base oils are cylinder oils, turbine oils and spindle oil (Table II). In order to 
avoid a variation of concentration due to sedimentation during the test, the viscosity 
has to be sufficiently high. For example, the coarse GC # 120 settles rapidly in 
spindle oil or even in turbine oil. Hence only heavier cylinder oil is used for GC # 120. 


TABLE II 


BASE OILS 
Viscosity (cS) Scuffing load by 
Oul Abbreviation four-ball tester* 
at 20°C at 50°C (kg) 
Turbine oils ane 270 —- 99.5 
gees 200 35 88.8 
ies 190 32 99-5 
Cylinder oils € 2800 —_ 130 
Ce — 230 120 
Spindle oil S 27 = 88.8 
* Test at 220 r.p.m. with 3/4-in. balls 
RESULTS 


Effect of metal powder 

Fig. 1 shows the results obtained from the test of the oils containing aluminium 
powder. It is noted that for the load W below 47.8 kg and for W above 88.8 kg the 
diameter d of the impression is equal to the diameter do for the base oil, and that 
for intermediate loads the diameter d shows an abrupt increase at a definite concen- 
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Turbine oil T’+Al powder 
Cd 


e) 


Diameter of impression d(mm) 


0.01 0.02 0.05 0.1 0.2 0.5 1 
Concentration C (%e) 


Fig. 1. Diameter of impression with turbine oil containing aluminium powder. 


tration. This increase is the result of scuffing of the rubbing surfaces. For IV = 88.8 kg 
the scuffing occurs independently of concentration. In the case of copper powder the 
feature is also quite similar, as is shown in Fig. 2. 


ression d (mm) 


o 
© 


o 
oo 


Diameter of imp 
(e) 
wi 


Concentration C (*e) 


Fig. 2. Diameter of impression with turbine oil containing copper powder. 2/8 and 6/8 represent 


the probability of the data corresponding to C = 0.3%. 


It is found by microscopic observation that the particles are scarcely introduced 
into the rubbing surfaces, beause they are too soft to become embedded in the sur- 
faces. Fig. 3 shows another proof of this fact. For the same base oil, the data of 
the coefficient of friction / fall on the same line, independently of the type of particles 
and concentration. The value of f above 0.4 shows dry friction corresponding to the 
scuffing of the surfaces. After recovering from scuffing, f decreases as much as the 
value corresponding to boundary friction, 
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X No lubricant 


0.6,-e Base oil T’ 


° 
iS 


Coefficient of friction 
oO 
@ 


2) 
nN 


(os) 1K) 
Diameter of impression (mm) 


Fig. 3. Relation between coefficient of friction and diameter of impression. The figures show the 
time to scuffing in seconds. 


It is concluded from the foregoing results that softer particles like metal powder 
accumulate at the front of rubbing surfaces without being introduced into them, 
and that, in disturbing the formation of oil film, they facilitate scuffing. 


Turbine oil T” + GC#500 


Diameter of impression 


6 8 10 20 30 40 50607 
Load W (kg) 


Fig. 4. Diameter of impression with turbine oil containing green carborundum GC #500. 


Effect of abrasives 

Fig. 4 is a typical example of the results of the test on oil containing abrasive par- 
ticles. These results are in great contrast to those obtained with the softer particles. 
Even for lower load and lower concentration remarkable abrasion is observed. The 
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increase in d from do is rather larger for lower load. It is reasonable to assume that 
the higher the load, the more difficult is the introduction of particles into the rubbing 


surfaces. 


Fig. 5. A typical example of the impression with oil containing green carborundum. 


In fact, the microphotograph Fig. 5 gives evidence of such introduction of particles. 
The front of the impression is roughened by embedding or indentation of particles, 
and coarse scratches are marked on the impression. Furthermore, at the centre of the 
impression a band of width 0 is clearly distinguished from the sides. The band cor- 
responds to the portion where Hertz contact develops higher pressure than the sides, 
as shown in Fig. 6(a). The introduction of particles occurs preferably at the sides. 


d 
(a) (b) 


Fig. 6. Pressure distribution on contact area; (a) corresponding to lower load, (b) corresponding 
to higher load. 


The lowering of the pressure brought about by abrasion thus encourages the tendency 
towards introduction at the sides. On the other hand, the centre band does not permit 
the introduction of particles and it remains as the raised portion in Fig. 7, which 
shows several examples of the records of the profiles of the impressions. 

For higher load causing scuffing, on the contrary, no positive trace of introduction 
of particles can be detected. The raised portion and the abraded lateral areas disappear 
in the microphotograph and the profile curve. The corresponding pressure distribution 
is presumably equalized owing to the abrasion of the high pressure portion, as shown 
in Fig. 6(b). Thus the pressure will rise near the edge of the impression, and, con- 
sequently, the introduction of particles will become more difficult, Then the decrease 
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. fee, 


Pie std, ym, ‘ 
f 


0.0 T mm 


0.14 0.2mm 


(a) 


Fig. 7. Typical examples of the profile curves of the impression with oil containing green car- 
borundum. (a) W = 17 kg; (b) W = 68.3 kg. 


in the scuffing load will be brought about by exactly the same mechanism as in the 
case of metal powder. The flexion points of the curves in Fig. 4 represent the border- 
line between the two types of situation as regards particles. 


Effect of solid lubricants 

Fig. 8 shows the effect of graphite. With a lower load a slight increase in d occurs, 
presumably owing to impurity. It is noted, however, that the concentration at which 
the influence ond becomes recognizable is quite high. The mixture has then a paste-like 
property. Owing to the lack of mobility, the mixture is forced into the rubbing surfaces 
and the load needed to produce scuffing is raised remarkably. 

At concentrations below 34% the mixture is less thick, thereby making the intro- 
duction into the surfaces difficult?. The feature is more exaggerated in the case of 
molybdenum disulphide (Fig. 9). It is noted that for the concentration above 58% the 
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Spindle oil 
+ Graphite 


e68 034 
@10 © 1% 


O Base oil 


Diameter of impression (mm) 


Load (kg) 


Fig. 8. Diameter of impression with spindle oil containing graphite. 
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Fig. 9. Diameter of impression with spindle oil containing molybdenum disulphide. 


load needed to produce scuffing with spindle oil + molybdenum disulphide is three 
or four times greater than that with the base oil alone. Fig. 10 shows the relation 
between f and d. The difference between the paste-like mixture and the fluid mixture 
is clearly shown. It is obvious therefore that attention must be paid to the effect of 
the consistency of a mixture when judging oils containing solid lubricants. 


DISCUSSION 
Effect of concentration 
From the analysis of these results a straightforward relation is found between the 
area of impression and the effect of concentration. For definite loads the area of 
impression can be written in the following empirical formula: 
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Fig. 10. Coefficient of friction of spindle oil containing molybdenum disulphide. 


A — Ao = (Aq Ao) exp (—1/A) 


where the mean distance of particles / is calculated by the following equation on the 
assumption that the particles on the points of a close-packed lattice: 


1/6 = 0.90513 o/(a0C) 
A; and A are constants to be determined from the experiment. Thus, log [(A:1—Ao)/ 
(A—Ao)]| becomes inversely proportional to the cube root of C. The proportionality 
constant is 


k = C—hflog ((41 — Ao)/(A — Ao)] = 1.10(A/6) (g0/0)*/2 


From Fig. 11 the validity of the formula is evident. The higher the value of &, the 


50 —— 
10.001 
Load W=17kg ene ~ 
40 Aw Xs 
-h 
G O 
30 5 
WY 
Oo 
ae: te 
eZ O.oTe 
20 is 
= 
{e) 
O 
10 0.1 
1 
O ; 0.02 
2 0.5 0.1 0.05 i 


0.2 
A—A, (mm2) 


Fig. 11. Relation between A — Ao and concentration of particles. Effect of viscosity and speed. 
The values of Ag for base oils T”, T’”, C’, C’ and S are 0.113, 0.110, 0.096, 0.119 and 0.152 mm?, 
respectively. 
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lower is the rate of decrease in d with decrease in C. Therefore in the following, k is 
used for the comparison of the effect of related factors. If the abrasion is expressed 
in the form of weight loss, however, it has no simple relation to the concentration. 


Effect of viscosity of base oil 

k is independent of the viscosity of the base oils as shown in Fig. 11. Further, it is 
noted that the higher the viscosity, the larger is the difference A — Ao. This explains 
why higher viscosity facilitates the introduction of particles. 


Effect of particle size 

The effect of particle size is shown in Fig. 12. The intermediate size # 500 gives 
the highest value of A — Ao, while the finest size # 1000 shows much less abrasion. 
The particles of # 120 are presumably too coarse to be introduced to the rubbing 
surfaces. Further, it is found that the constant A will be proportional to the particle 
size 6, since k is independent of size. 


Concentration C ( °%) 


O. 
A—Ao (mm?) 2 


Fig. 12. Relation between A — Apo and concentration of particles. Effect of size of particles. 


Effect of hardness of particles 


For the same type of particles k has the same value, as stated above. However, it 
is shown from Fig. 13 that the harder the particles, the higher the value of k. The 
quartz powder gives a much lower A — Ao value than GC # 500 or WA #500 forthe 
concentration below 0.01%. It is remarkable that even for the concentration 0.0001 %/ 
the hardest GC does not lose the effect, as shown in Fig. 4. The corresponding mean 
distance of particles is found to be about 2 mm, which is hardly observable in a low- 
power microscope field. In view of the fact that the contact surfaces of the balls are 
most unfavourable to the introduction of particles, the result obtained here may be 
emphasized. The coefficient of friction / is also shown in Fig. 14. There is a parallel 
relation between / and d. 


References p. 363 


VOL. 2 (1958/59) FOUR-BALL TEST ON LUBRICATING OILS 359 


0,001 


(S) 
° 
Concentration C (%o) 


Oo 


1 


2] 5 1 0.5 0.2 0.1 0.05 0.02 
A-A, (mm?) 


Fig. 13. Relation between A — Ao and concentration of particles. Effect of hardness of particles. 
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Fig. 14. Effect of hardness of particles on diameter of impression and friction. 


Effect of load and rubbing speed 

The preceding results all correspond to W = 17 kg, but for other values of W the 
feature is found to be quite similar. # is also independent of W. The difference A1 — Ao 
decreases with increase in W. In Fig. 15 the relative value of (A — Ao)/Ao is repre- 
sented. It would seem that the introduction of particles becomes more difficult with 
the increase in load. 
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Fig. 15. Effect of load. The relative value of (4 — Ao)/Ao corresponding to W = 17 kg is taken 
as unity. 


In order to investigate the effect of speed, the test at 420 r.p.m. is carried out, 
the duration of rubbing being reduced to 5 minutes instead of Io minutes at 220 
r.p.m. The distance of travel then becomes nearly equal. & is also independent of 
rubbing speed, as shown in Fig. 11. The diameter d increases slightly and the load 
needed to produce scuffing decreases with the increase in speed (Fig. 14 and 16). 
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Fig. 16. Scuffing load of turbine oil containing abrasives. 
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Results with copper-plated balls 


Electroplated balls were prepared in order to investigate the effect of hardness of 
rubbing surfaces. The thickness of the copper-plating is 0.12 mm. The plated balls 
are clamped and rubbed with a rotating hard steel ball. The diameter of Hertz contact 
de shown in Fig. 17 is larger than the diameter calculated by using the formula of the 
theory of elasticity. This will be due to the porosity of the plating. For W> 47.8 kg 
the curve of d, bends slightly as a result of plastic deformation. Then the pressure 
distribution becomes nearly uniform and the introduction of particles is disturbed. 


BS 
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Upper ball Steel 


E |Fixed balls Cu-plated 
E15 

c le C=1%  6C#500 
8 tO 0.01 

¢ © Base oil 

coeds 

Qa 


Diameter of im 
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Fig. 17. Diameter of impression of copper-plated balls with turbine oil containing green car- 
borundum. 


The situation is similar to the preceding case, where the uniform pressure distribution 
due to scuffing or break-down of the oil film disturbed the introduction. With lower 
load in which the characteristic pressure distribution of Hertz contact is maintained 
the effect of the introduction is still observed. The effect is much weakened, however, 
by the embedding of particles in the softer copper surfaces. Furthermore, it is noted 
that the difference between the effect of GC and quartz powder decreases. 


COMPARISON WITH THE RESULTS OBTAINED WITH THE TIMKEN TEST 


Test procedure 

For a comparison we used also the Timken machine. The test pieces consist of a 
rotating ring and a fixed piece of a somewhat different form than the usual test pieces. 
The ring has a cylindrical exterior surface, 50 mm in diameter and 16.3 mm in width, 
and is fitted to the tapered surface of the shaft. The fixed piece is a cup-shaped block 
with a flat end surface, 10.5 mm in diameter. The line of contact falls on the diameter 
of the end surface of the fixed piece. 

After adjusting misalignment, the machine is run at 1200 r.p.m. corresponding to 
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a rubbing speed of 3.14 m/sec, and then the load of 20 kg is applied. After rubbing 
for 10 minutes, the block is removed and the width of the impression is measured. 
The test is continued further, increasing the load by 20 kg each time, but keeping 
the duration for each load at 10 minutes. Cylinder oil is supplied at the rate of 
rt ml/min by drop feed. The test pieces are reground for the next test. The roughness 
is limited to the maximum height of I micron. 


GC # 500 
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( 
®) 
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Area of impression 


40 60 80 100 


00 20 
Load (kg) 


Fig. 18. Area of impression of cast-iron test piece with cylinder oil containing abrasives using the 
Timken machine. 


Correspondence of results obtained by two test methods 

An example from the results obtained with the Timken machine is shown in Fig. 18. 
The effect of concentration on the impression is found to be similar to the results 
obtained with the four-ball machine. Hence the plot of (A — Ao)/Ao ought to rep- 
resent a straight line, as shown in Fig. 19. When the fixed piece is as hard as the 
ring, the lines corresponding to GC and quartz powder almost coincide. When the 
fixed piece is softer than the ring, however, the line corresponding to GC is lowered. 
The harder GC is easily embedded in the fixed piece, becoming consequently less 
efficient, while softer quartz powder is relatively efficient owing to the poor embed- 
ding. Thus, it is concluded that the correspondence of the results obtained by two 


different methods is very good and that it would seem possible to make a relative 
estimate of the extent of embedding. 
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Fig. 19. Comparison of results of four-ball test (W = 17 kg) and the Timken test (W = 20 
and 4o kg). Base oil: C”. 


CONCLUSIONS 


From the results of the present investigation the following conclusions are obtained: 

1. Softer particles like metal powder are scarcely introduced into rubbing surfaces, 
but they facilitate the scuffing as a result of accumulation at the front of the surfaces. 

2. Harder particles like carborundum or quartz powder are easily introduced under 
lighter load and they then increase the abrasion. Under heavier load, however, the 
scuffing occurs immediately and then the introduction of particles becomes difficult. 
The relation between the area of impression and the concentration of particles can be 
written in a concise formula: the area of impression increases with increase in vis- 
cosity of base oil and in hardness of particles. 

3. Solid lubricant is scarcely introduced into rubbing surfaces unless it has paste- 
like consistency. 

4. On comparison with the results of the Timken test, the correspondence of the 
results obtained by the two different methods is found to be very good. 
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SOME STUDIES OF WEAR AND LUBRICATION* 


A. W. CROOK 


Research Laboratory, Associated Electrical Industries Ltd., Aldermaston Court, Aldermaston, Berks. 
(Great Britain) 


SUMMARY 


Studies of wear and lubrication carried out at the Aldermaston laboratories of Associated 
Electrical Industries Limited are described. Optical, electron optical, radioactive tracer and 
metallographic techniques have been used to reveal the various stages of wear processes. Two 
distinct types of wear have been found; severe wear due to metallic welding and mild wear in 
which the debris is more finely divided and mainly non-metallic. In both types of wear transfer 
of material from one rubbing surface to the other can take place but, particularly with mild wear, 
the wear process is not unique but varies with the combination of materials and the rubbing 
conditions. 

The lubrication of nominal line contacts such as occur in gears and roller bearings has been 
shown to be essentially hydrodynamic and the thickness of the oil film has been measured. At 
practical loads the thickness is independent of load but very dependent upon the temperature of 
the surfaces. The experiments have been made in disc machines and the surface failures and sub- 
surface deformations which can occur before the discs run in to a state of complete hydrodynamic 
ubrication have also been studied. 


ZUSAMMENFASSUNG 


Es wird iiber Verschleiss- und Schmierungs-Untersuchungen berichtet, die in den Laboratorien 
der Associated Electrical Industries in Aldermaston, England, ausgefiihrt wurden. Optische, 
elektronen-optische Radioactive Tracer- und metallographische Methoden wurden benutzt um 
die verschiedenen Verschleissphasen zu unterscheiden. Es ergaben sich zwei deutliche Verschleiss- 
stadien, namlich, schwerer Verschleiss durch metallische Verschweissung, und leichter Ver- 
schleiss, bei dem das Verschleissprodukt einen feiner verteilten und vorwiegend nichtmetalli- 
schen Charakter besitzt. Bei beiden Verschleissarten kann Materialiibertragung von einer der 
Reibflachen zur anderen stattfinden. Doch ist, insbesondere bei leichtem Verschleiss, der Ver- 
schleissprozess nicht eindeutig bestimmt, vielmehr Andert er sich mit der Materialkombination 
und den Reibungsbedingungen. 

Es wird gezeigt dass die Schmierung von Linienkontakten wie sie in Getrieben und Walzlagern 
auftreten, einen vorwiegend hydrodynamischen Charakter tragt; die Dicke des Olfilms wurde 
gemessen. Unter in der Praxis auftretenden Belastungen ist diese Dicke unabhangig von der 
Belastung, jedoch sehr wesentlich abhangig von der Temperatur der Oberflachen. Die Versuche 
wurden auf Scheibenmaschinen ausgefiihrt. Oberflachenschaden und unter der Oberflache erlit- 
tene Deformationen, die auftreten kénnen bevor die Scheiben unter véllig hydrodynamischen 
Schmierungsbedingungen laufen, wurden gleichfalls untersucht. 


This article describes some studies of wear and lubrication carried out at the 
Aldermaston Laboratories of Associated Electrical Industries Limited. The laborato- 
ries were established in 1947 under the direction of Dr. T. E. ALLIBoNE, F.R.S. to 


* Delivered before the Bond voor Materialenkennis at Utrecht, 28th March, 1958. 
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provide, in addition to the other research establishments of the Company, an environ- 
ment away from the factories and their immediate problems which would particu- 
larly favour the growth of long-term researches. Because of this, the studies of wear 
and lubrication carried out in the Surface Physics Section led by Dr. W. Hirst! 
have been directed towards discovering laws and processes underlying a multiplicity 
of practical problems, as opposed to seeking immediate remedies for specific instances 
of wear. But it has also been constantly recognised that the final object of the work 
is the reduction of wear in practice and consequently a ready interchange of knowl- 
edge and experience between the scientist and the engineer has been fostered. This 
interchange has been vital in assessing whether the simplifications inherent in funda- 
mental work have, as intended, stripped the problem of secondary complications or 
whether the essence has also been discarded. Although these and other studies show 
that different combinations of materials, lubricants and rubbing conditions have 
different wear processes and suggest that there is no universally valid mechanism of 
wear, nevertheless, from fundamental work, concepts have been won which increas- 
ingly allow more rational assessments to be made of practical problems. Experience 
has indeed shown that the essence has not been discarded. 


Part I: Wear 


Most of the work on wear has been done dry, without lubricant. That choice was 
influenced by the growing number of instances where, owing to temperature or 
radiation, fluid lubrication is impossible. But in addition in dry experiments the wear 


P 


Fig. 1. Pin-and-ring machines: (a) pin, end on (b) pin, side on; A shaft, B ring, C pin, P load. 
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mechanism, whatever it may be, is operating continuously. In contrast, under lubri- 
cated conditions wear occurs only when lubrication fails. The possibility existed, 
therefore, not only that the results of dry experiments would yield a more definite 
interpretation because there is no intermittency to be reckoned with, but also that, 
despite the apparent difference of conditions, the interpretation would also have a 
relevance to conditions of fluid lubrication. 

The majority of wear results have been obtained with pin-and-ring machines 
(Fig. 1). These consist of a stationary pin of about 6 mm diameter loaded end on, or 
on its side, against a ring of about 25 mm diameter rotating at any desired speed. 
The volume of material worn from a pin is obtained by weighing, or calculated from 
the dimensions of the wear scar. Typical scars are shown in Fig. 2. 


(a) 


Fig. 2. Typical wear scars: (a) pin, end on; (b) pin, side on. 


The area of the wear scar increases as material is worn away. The load, however, 
is kept constant and consequently the mean pressure over the wear scar decreases 
many times during the course of an experiment. Yet despite this, as Fig. 3 shows, 
the volumes worn from pins of several materials were accurately proportional to the 
sliding distance®. Evidently the wear rate, which is defined as the volume worn away 
in unit sliding distance, does not depend upon the size of the wear scar and, therefore, 
is independent of the mean pressure. 

The wear of a pin of 60/40 brass rubbing, at various loads, against a tool steel ring 
is plotted against time of rubbing in Fig. 4. Again the plots are accurately linear. The 
slopes of the lines are proportional to the wear rates at the various loads and in Fig. 5 
wear rates from similar experiments are shown as a function of load in a double 
logarithmic plot. Clearly in these instances the wear rates are proportional to load. 

These results are simple and precise. They show the wear rates to be independent 
of the mean pressure over the wear scar but proportional to the load. Similar results 
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have also been obtained with other machines. Such results are largely independent 
of the geometrical form of the rubbing surfaces and their precision suggests that all 
important variables were fully under control. 


1Ge= 


1G | 


10 


Fig. 5. The wear rates of brass and stellite pins as a function of load. 


MILD AND SEVERE WEAR 


All dry wear results, however, are neither so simple nor so consistent. The wear rate 
of a pin of 70/30 brass rubbing against a hard steel ring is shown as a function of load 
in Fig. 6?. Up to a load of 500 g the wear rate followed the lower line and above 5 kg 
the wear rate followed the upper line, but at intermediate loads wear rates between 
the lower and upper lines were found. 

This is an instance of a transition from a regime of low wear rates to a regime of 
higher wear rates. These regimes are distinguished not only by their wear rates, but 
also by the degree of disturbance of the subsurface material, by the character of the 
debris and by the roughness of the worn tracks. In the regime of low wear rates, 
which will be called mild wear, the debris is generally a fine dark powder, obviously 
not metallic; the surfaces become polished and there is little subsurface disturbance. 
In the regime of high wear rates, which will be called severe wear, the debris consists 
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Fig. 6. The wear rate of a pin of 70/30 brass as a function of time. A B indicates the region of 
indeterminate wear rates. 


of metallic flakes, the worn surfaces are rough and there is considerable subsurface 
disturbance. Fig. 7, which shows metallographic sections of 70/30 brass pins taken 
in the direction of rubbing, contrasts the conditions of the material immediately 
beneath the surface in mild wear (a) and severe wear (b). The dark material at the 
top of each section is nickel plating deposited to preserve the edges of the specimens 
during polishing. It is clear that mild wear produces little subsurface disturbance 
whilst severe wear produces a lot. A further contrast between mild and severe wear 
is illustrated by Fig. 83. The continuous line is a plot of wear rate (left-hand scale) 
against load, whilst the interrupted line is a plot of electrical resistance between pin 
and ring (right-hand scale). In the region of low wear rates on the left, 7.e. of mild 
wear, the electrical resistance is as high as one ohm. This value implies that there is 
negligible metal-to-metal contact and is evidence that the wearing surfaces in mild 
wear are oxidized and, therefore, the debris also. Under the severe wear conditions 
on the right the resistance shown was, in fact, the resistance of the leads. The contact 
resistance was extremely low and consistent with a great proportion of metal-to- 
metal contact. The upper profilometer trace inset in Fig. 8 shows the surface rough- 
ness of the pin under severe wear and the lower profilometer trace the surface of the 
pin under mild wear. The lower trace is at a vertical magnification ten times that of 
the upper and, noting this, it is evident that mild wear produces a much smoother 
track than severe wear. 
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Fig. 7. Metallographic sections of 70/30 brass pins (direction of rubbing lies in planes of sections) 
(a) smooth wear (b) severe wear. 
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Fig. 8. A transition from mild to severe wear of a 60/40 brass pin; wear rate, —- —-—-—- 
electrical resistance of contact between pin and ring. Profilometer traces inset, above — severe 
wear, below — mild wear. 


TRANSFER AND ITS STUDY BY RADIOACTIVE TRACERS 


Logically, material worn from a pin or ring does not necessarily appear as loose 
wear debris but might be deposited upon the other rubbing surface. This deposited 
material is called transferred material and the importance of transfer in the wear 
process has been shown by KERRIDGE* in a series of radioactive tracer experiments. 

KERRIDGE studied the mild wear of an annealed tool-steel pin against a hardened 
tool-steel ring. In experiments with radioactive pins it was found that the initially 
inactive rings became radioactive, thereby demonstrating unequivocally that mate- 
rial was being transferred from the pin to the ring. A counter was used to monitor 
the rings continuously and in that way it was found that eventually a constant 
equilibrium amount of activity was deposited upon them. The amount of the equilib- 
rium activity did not vary with load but the time to reach equilibrium decreased 
as the load was increased; 7.e. the transfer rate increased with load. Subsidiary experi- 
ments showed that if, in the course of a wear test, the pin was changed for a similar 
pin and the test continued, there was no discontinuity either in the amount of transfer 
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or in the wear rate. Consequently, an inactive pin could be substituted for a radio- 
active pin, or the converse, with confidence that the substitution had not disturbed 
the continuity of the wear process. 

A typical result is shown in Fig. 9. The diagonal line is the wear of the pin, plotted 
against the scale on the right, as a function of time. The almost vertical line on the 
left is the same line replotted against the scale on the left. The amount of active 
material transferred to the ring, which is given by the curves, is also plotted against 


the scale on the left. 
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Fig. 9. Wear and transfer of a radioactive tool-steel pin, X wear of pin, @ amount of active 
material on ring. 


Before these results were taken an inactive pin had been applied to the freshly 
prepared surface of the ring so that when the experiment commenced, the ring 
already carried the equilibrium amount of inactive transferred material. The time 
origin in the figure is the instant at which a radioactive pin was first loaded against 
the ring. As soon as this pin was used active material appeared in the transferred 
layer and, in particular, it should be noted that the initial slope of the transfer curve 
is the same as that of the wear curve on the left. From this it follows that all material 
worn from the pin was first transferred to the ring and, because the ring already 
carried the equilibrium amount of inactive transferred material, that the active 
material transferred was displacing its own volume of inactive material. Indeed it 
was found that the wear debris collected at the start of the experiment was, in fact, 
completely inactive. This confirms that none of the debris was coming directly from 
the pin. 

The transfer curve shows the progressive replacement of the inactive material of 
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the original transferred layer by radioactive material. After an hour the radioactive 
pin was replaced by an inactive pin. The activity of the ring then fell and, as might 
be expected, the decay curve is the inverse of the previous growth curve. Soon after 
the inactive pin had been applied to the radioactive transferred layer the wear scar 
on the pin was examined for radioactivity. None was found. This showed that there 
was no back transfer returning material from the layer on the ring to the pin. 

The debris was a fine black powder which was found by X-ray diffraction to be 
aFe2O3. Furthermore, patches of grey material were found on the ring. Autoradio- 
graphs showed these patches to be coincident with the radioactive area. Their thick- 
ness was approximately 0.5 wand they evidently formed the actual rubbing surface. 

From this evidence KERRIDGE* has suggested the following sequence of events. 
Initially particles from the pin become attached to the ring by the welding process 
which BowDEN and his school have studied in friction experiments®. On subsequent 
passages beneath the pin these particles are smoothed out and join to form the grey 
patches on the ring. Since the grey patches form the rubbing surface they will become 
hot and oxidize. This oxidized material is held comparatively loosely and will be 
rubbed off by the pin to form the wear debris. Eventually, in some places, the actual 
surface of the ring will again become exposed and then fresh transfer will occur. In 
that way the wear process is continued but the factor limiting both transfer and wear 
is the rate of oxidation of the transferred layer. Experiments in atmospheres with 
lesser amounts of oxygen gave further evidence consistent with this interpretation. 
KERRIDGE’s experiments have also been discussed by RIGHTMIRE® in terms of a 
statistical theory of wear. 

All smooth wear, however, does not necessarily occur in the same way. ARCHARD 
AND Hrrst? replaced the soft tool-steel pins used by KERRIDGE by hardened pins. 
Again mild wear was found and this was studied in addition by optical® and electron 
optical®.1° techniques. All the observations cannot be summarized here but briefly 
ARCHARD AND Hirst again found transfer of material from pin to ring but, in this 
instance, the wear mechanism which predominated eventually was abrasion of both 
pin and ring by aggregates of oxidized particles which, individually, were only some 
hundreds of Angstroms across. A particularly interesting feature of the experiments 
was that although the size of both transferred patches and debris decreased with time, 
nevertheless the wear rates increased. ARCHARD AND Hirst suggest that this was due 
to the commencement of abrasive wear. 

Transfer in an instance of severe wear, the wear of 60/40 leaded brass against a 
hard steel ring, has been studied by KERRIDGE AND LANCASTER". The wear debris 
was metallic and was derived entirely from a transferred layer. The replacement by 
active material of an inactive transferred layer of equilibrium surface density is 
shown on the left of Fig. 10. On the right are autoradiographs of the track of the 
ring taken at various times after bringing the radioactive pin into use. Starting from 
the top it can be seen that the individual areas of active transfer grew in size during 
the experiment. KERRIDGE AND LANCASTER have discussed such radiographs in 
terms of measured size distributions but with their full account available it is per- 
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Fig. 10. The transfer of brass from an active pin to a tool-steel ring, (a) transfer as a function of 
time (b) autoradiographs of track on ring after increasing times of running. 


missible to present the core of the argument in simplified form and for that purpose 
it will be assumed that at any time the individual areas of transfer were all equal and 
that the individual wear fragments all had the same size. 

After the experiment had run for five seconds the area of the individual patches 
of active transfer was 0.03 mm2, whilst after four minutes the area had grown to 
0.I mm?: approximately thirty times greater. This suggests that the transferred 
fragments were collected preferentially at particular places. This might be expected, 
for the pressure on the track will be intensified where the track is already raised by 
previous transfer and these will be the places where further welding and transfer will 
occur. Measurements also showed the area of the wear particles to be 0.1 mmz2, i.e. 
they had the same area as the individual patches of transfer after four minutes: the 
area of the equilibrium patches. Because equilibrium conditions were established 
with an inactive pin before the experiment began, it follows that the area of the wear 
particles should not change during the experiment. That was found to be so. 

To explain the equality in area of equilibrium patches of transfer with that of the 
wear particles, KERRIDGE AND LANCASTER suggested that the particles of transfer 
grew in size until the mechanical stresses which they suffered when they passed 
beneath the pin became sufficient to detach them as loose wear particles. A conse- 
quence of this is that when the radioactive pin was first run against the inactive 
equilibrium layer all the patches already ripe for detachment would be inactive. 
Furthermore, those which had not reached that stage would do so by collecting 
radioactive material. It then follows that wear particles collected at any stage of the 
experiment should not be divisible into inactive and fully active groups but that they 
should all contain a proportion of activity, the proportion being zero at the beginning 
and growing to unity when all the inactive layer had been replaced by completely 
active material. Activity measurements of wear particles showed that to be so. It was 
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also found that the increase in wear rate with load, which was linear, was due more 
to an increase in size of the wear particles than to an increase in their number. The 
wear particles were flakes with a thickness of approximately 15 yu. This thickness did 
not change significantly with load. 


MORE COMPLICATED WEAR PHENOMENA 


The studies which have been described were clear instances either of severe or mild 
wear, but it should be stressed that whether wear is mild or severe does not simply 
depend upon the combination of materials. Generally any combination may suffer 
mild or severe wear as conditions are varied and, indeed, mild and severe processes 
sometimes operate simultaneously. 

The reason why the wear mechanism of a given combination may change with 
time or other circumstances is that the wear process itself can change the nature of 
the rubbing surfaces. For example, surfaces initially metallic might become oxidized 
under the influence of frictional heat. An initial severe wear might then be followed 
by mild wear as the influence of the oxidation spreads. However, at high loads the 
rate of oxidation may no longer suffice to prevent metallic welding and then the wear 
would again be severe. The idea that the wear process can change the nature of the 
surfaces has been a great help in reaching some understanding of wear behaviours 
which are apparently irregular. 
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Fig. 11. The combined wear of a 0.12% carbon steel pin and ring of the same material, as a 
function of time of running. 


A particularly interesting instance of a change in the nature of the rubbing surfaces 
has been studied by WetsH"2. Fig. 11 shows the combined wear of a low-carbon-steel 
(0.12% C) pin and ring of the same material against time of running for two loads. 


References p. 393 


376 A. W. CROOK VOL, 2 (1958/59) 


There are two remarkable features. Firstly, the wear at the lower load of 1 kg re- 
mained severe and eventually exceeded that at 3 kg, and secondly, the wear rate at 
3 kg fell by an order of magnitude after a few minutes and the wear became mild. 
WELsu found that the fall in wear rate was due to the formation of a hard component: 
the hard component previously found in steels by many workers??. An example of 
the hard components is shown in Fig. 12 which is a taper section of a 0.34% C steel 
ring giving a vertical magnification ten times that in the horizontal direction. The 
hard component is the disturbed material in the centre of the figure. Its depth is 
approximately 20 y, its width approximately 200 « and its hardness 700 Vickers or 
more: a hardness unattainable by work-hardening. 


Fig. 12. The hard component in a 0.34% carbon steel ring. The photograph is a taper section 
across the track giving a vertical magnification ten times that in the horizontal direction. The 
hard component, which is the disturbed material, is approximately 20 « deep and 200 yu across. 


From the theoretical work by BLox! and the experiments of BowDEN’ it is known 
that temperature flashes of some hundred degrees Centigrade can occur at the places 
of real contact between rubbing surfaces. From this WELSH suggested that the reason 
why 0.12% C steel continued in a state of severe wear at a load of 1 kg but changed 
to a state of mild wear at 3 kg was because the temperature flashes at the lower load 
were insufficient to form the hard component whilst at 3 kg they were adequate. The 
initial high wear rate at 3 kg is to be expected for it is not until rubbing commences 
that the hard component is formed and it will take time for the equilibrium amount of 
this material to appear. Experiments~in oxygen-free atmospheres proved that the 
transitions were not associated with oxidation. 

The temperature flashes at the areas of real contact are confined to minute volumes 
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which are quenched extremely rapidly because of their most perfect contact with the 
surrounding metal. WELSH suggested that in the short time of the temperature flash 
there can be no appreciable loss by diffusion of carbon from the pearlite to the sur- 
rounding ferrite, although there probably is time for carbon to diffuse into the thin 
ferrite lamellae of the pearlite itself. If that be so the pearlite will transform to mar- 
tensite but, without the intervention of some other hardening process, the free 
ferrite would remain soft and be present in its original quantity. Experiments with 
steels of different carbon content showed that transitions to mild wear occurred more 
readily as the carbon content and, therefore, the amount of pearlite was increased. 
This is consistent with the hypothesis that the formation of martensite contributes 
to the hard component. However, in low-carbon steel there is insufficient pearlite 
and, therefore, of carbon martensite to account for the extreme hardness of the 
component. In addition there must be a process affecting the free ferrite. In experi- 
ments in which hot spots were produced more conveniently by electrical sparking, 
WELSH was able to show that the absorption of nitrogen played a predominant part 
in the hardening of low-carbon steels. Absoption of nitrogen per se does not harden 
such steels but possibly, in conjunction with the very rapid temperature changes, a 
component is formed which is not produced by normal heat treatments. It was also 
found that carbon from a lubricant could be absorbed and cause hardening. 


THEORETICAL CONSIDERATIONS 


There is no quantitative theory of wear and indeed, because the factors responsible 
for wear vary so widely from one rubbing system to another, it is unlikely that any 
general theory comparable with those of the great fields of classical physics will ever 
emerge. The little theory which exists is purely formal because it says nothing con- 
cerning the vital physical and chemical interactions at the points of real contact. 
However, it is, nevertheless, useful in that it does draw attention to those features 
of wear amenable to mechanical interpretation and thereby defines that region of 
the problem which requires more subtle explanation. 

The essential idea behind existing theories of wear is that the wear at a localized 
region of real contact of radius @ will occur in a sliding distance proportional to a; 
for instance in a sliding distance of 2a. In a theory due to ARCHARD™ it is then 
assumed that the wear particle has a volume proportional to a? because it is observed 
that some relationship exists between the dimensions of a wear particle in all three 
perpendicular directions. The wear rate, i.e. the volume worn away per unit distance 
of sliding due to the single area of contact, is then proportional to a?; that is, to the 
area of the single region of real contact. Evidently the total wear rate should be 
proportional to the total area of real contact and, if, for instance, each contact be 
deformed plastically, that total area is given by the load divided by the flow pressure, 


when 
W = hP/pm 


where W is the wear rate, P is the load, pm the flow pressure and & is a constant of 
proportionality. In agreement with the first experimental evidence cited in this paper, 
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the equation predicts a wear rate proportional to load and independent of the nominal 
area of contact. 

If the thickness of a wear particle be roughly proportional to its length and breadth 
the factor k has to be interpreted as the probability of a wear event occurring at an 
encounter of asperities and, obviously, this probability can be calculated from 
measured values of W. When this is done values of k are found from a few percent in 
some instances of severe wear down to values of I-r0~® in some instances of smooth 
wear. It is the reasons for that wide ranging k which have to be sought painstakingly 
with tracers, the electron microscope and any appropriate tool which physical science 
can offer. 


Part II: A study of lubrication 


This study arose from discussions with gear engineers of the Company and their 
desire for a greater knowledge of the lubrication of gearing. The problem has been 
treated as one of physics rather than engineering and an attempt has been made to 
discover general principles rather than to solve particular practical problems. 

The work has been done with disc machines. Discs are easily made and a disc 
machine is a more flexible apparatus with fewer geometrical factors to be controlled 
than a gear box. 
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Fig. 13. The relationship between gear teeth and a disc machine. 


DISC MACHINES 


The relationship between discs and gears is illustrated in Fig. 13. At any stage of 
engagement the contact between two teeth is moving instantaneously over their sur- 
faces at certain speeds which, in general, are unequal. If the peripheral speeds of two 
discs (circles in figure) are made respectively equal to those certain speeds then the 
contact between the discs travels over their surfaces in the same way as the contact 
between the gears moves over their teeth. Furthermore, the radii of the discs can be 


References p. 393 


VOL. 2 (1958/59) STUDIES OF WEAR AND LUBRICATION 379 
made the same as the local radii of curvature of the teeth. In that way a disc machine 
can be made to simulate the essential kinematic features of the contact of gear teeth 
at any chosen stage of engagement?». 


Fig. 14. A disc machine. 


A view of a disc machine is shown in Fig. 14. The discs can be seen in the centre 
and each was driven by a Cardan shaft connected to a gear box which is on the left 
outside of the field of view. The desired peripheral speeds could be obtained by 
changing the ratio of the gear box and its input speed. If the discs had equal periph- 
eral speeds they rolled and simulated the engagement of teeth at the pitch point. 
If they had unequal speeds they then had a rolling component (taken as their mean 
peripheral speed) and a sliding component equal to the difference of their peripheral 
speeds. The discs could be loaded together and loads per unit length of their line of 
contact up to the values used in turbine reduction gears could be imposed. 


THE NATURE OF THE LUBRICATION 


At these practical loads the maximum Hertzian compressive stress is of the order 
1-104 atmospheres. These extremely high pressures oppose the passage of oil between 
the surfaces and, because of this there have been doubts whether a form of hydro- 
dynamic lubrication is possible or whether the lubrication is boundary in character. 
Such doubts were not completely resolved even by the 1957 Conference on Lubrication 


and Wear'!*, 
However, it may easily be shown by measuring the electrical resistance of the 
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contact between the discs that the lubrication is essentially hydrodynamic in charac- 
ter!7, If they be lubricated hydrodynamically and are separated by a thick ain, fey 
instance of 1 jz, then the resistance will be 10° ohms or greater. But if the lubrication 
is boundary the surfaces will be separated by films of molecular thickness and the 
resistance will be an ohm or less. 
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Fig. 15. The electrical resistance between two discs as a function of time of running. 


Some resistance measurements are given in Fig. 15; the resistance is plotted loga- 
rithmically as a function of the time of running. The surfaces of the discs were ground 
and initially the resistance was very low. After 600 minutes, however, the resistance 
had risen to 5-104 ohms; a value quite incompatible with boundary lubrication. 
Profilometer traces of the surfaces of the discs taken before and after running showed 
that the surfaces had been smoothed by the running. It seems, therefore, that the 
intial low resistance was due to penetration of the oil film by asperities and that as 
these asperities wore away a state of almost complete hydrodynamic lubrication was 
eventually established. Indeed later, when the order of magnitude of the film thick- 
ness was known, this thickness could be compared with the surfaces before and after 
running. The result is shown in Fig. 16. Furthermore, the existence of a hydro- 
dynamic film is quite consistent with observations from gears themselves. Often signs 
of the original machining marks can be seen even after 20 years service and such low 
rates of wear imply hydrodynamic rather than boundary lubrication. 


THE THICKNESS OF THE HYDRODYNAMIC FILM 


Demonstrating the existence of a hydrodynamic film is easy, but further progress 
is beset with complications arising from the high pressures. In Fig. 17 two pressure 
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Fig. 16. The relationship between film thickness and surface roughness; (a) section through 
disc-as machined, (b) section through disc after ‘‘running-in’’. (The thickness of the scale bars 
indicates the film thickness.) 


distributions (upper figure) which might exist over a conjunction of two discs (lower 
figure) are shown. The dashed semi-ellipse is the Hertzian distribution, 1.e., the dis- 
tribution which would exist if the discs were loaded together dry. The solid curve is 
a hydrodynamic pressure distribution calculated for the disc system in much the 
same manner as Reynold’s calculated pressure distributions for a journal bearing!®. 
But this particular hydrodynamic distribution is based upon two assumptions which, 
from the results, are manifestly untrue. Firstly, it is assumed that the normal vis- 
cosity of the oil prevails throughout the pressure zone. From BRIDGMAN’s work?®,2° 
it is known that the viscosity of an oil is enormously increased at a pressure of I-104 
atmospheres (1-101 dyn cm~2). Secondly, it is assumed that the surfaces retain their 
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Fig. 17. Pressure distributions over the conjunction of two discs ——— Hertz, hydro- 

dynamic. h*p: film thickness where 0P/0¥ is zero, t.e. at the pressure maximum and outlet. 

hop: minimum film thickness. 1, v2: peripheral speeds. Ordinate: 1o~!9 P (dyn cm~?). Abscissa: 
102 ¥ (cm). 


initial cylindrical form as they pass through the conjunction. Now the Hertzian 
pressure distribution shown by the dashed semi-ellipse is itself sufficient to flatten 
the surfaces by elastic deformation. It follows, therefore, that if the hydrodynamic 
distribution indicated by the solid curve did exist, then the surfaces would be de- 
formed elastically to an even greater extent. The real problem now emerges. It is to 
find a way of simultaneously satisfying the elastic and hydrodynamic equations 
when the oil viscosity itself is a function of pressure and when the oil viscosity also 
varies on account of the temperatures arising from the viscous losses. There is a con- 
siderable literature devoted to the theoretical problem?2!;22 but for the further under- 
standing of the hydrodynamic film there is also a great need for experimental measure- 
ments. 

Various methods of measuring the thickness of the hydrodynamic film have been 
tried but in the opinion of the author the first results to be published of any conviction 
were based upon measurements of electrical capacitance?3. The outstanding merit of 
the capacitance method is that there are good reasons for thinking, particularly with 
non-polar oils, that the dielectric constant is relatively unaffected by pressure and 
temperature: reasons for thinking that the change in dielectric constant is no more 
than might be expected from the increase in the number of molecules per unit volume 
arising from the increase in density of the oil. Even at the highest pressures the 
change due to this is no more than 20%. Unfortunately, the interpretation of the 
electrical capacitance also rests upon the shape assumed by the conjunction when the 
discs are deformed by the pressures. A shape has to be assumed and this is a weak- 
ness of the method. It is a weakness, however, which is least important at light loads 
when the pressures are insufficient to deform the discs to a significant extent. 

There is, however, a way in which the film thickness may be measured without 
assuming a knowledge of the shape of the conjunction®4, but first it is necessary to 
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describe how oil which has passed between the discs leaves their conjunction. This is 
shown in Fig. 18. The oil passing between the discs divides on the recess side to form 
films on both their surfaces and, although in the figure the discs are undeformed, this 
is also true when they are. If the thickness of each film be multiplied by the peripheral 
speed of its disc and the two products added, then clearly the result is the rate at 
which oil is passing between the discs themselves. This rate will depend in some way 
upon the thickness of oil separating the discs. 


Fig. 18. The way in which oil that has passed between the discs leaves their conjunction. For 
explanation of symbols see legend to Fig. 17. 


Now the fundamental differential equation governing the flow of oil, the Navier— 
Stokes equation!8, leads directly to the result that the rate of oil flow is given by the 
product: the film thickness at the point where the pressure is a maximum multiplied 
by the mean peripheral speed of the discs, 7.e., by their rolling component. This 
relationship is true even when the discs are deformed and is true even when the vis- 
cosity of the oil varies with pressure. (However, it requires minor modification when 
the oil viscosity varies across the film, but that complication will not be discussed 
here.) Quite generally, therefore, the rate of oil flow between the discs is given by 
the above product. Clearly, if the rate of oil flow be measured the film thickness at 
the pressure maximum can be calculated, irrespective of whether the discs are un- 
deformed or deformed. 

Because the discs carry the oil away as films upon their surfaces, the rate of oil 
flow can be measured at a place remote from the conjunction of the discs, remote 
from the complications due to the high pressures, simply by gauging the thickness of 
each oil film carried by each disc. To gauge these thicknesses flat pads (denoted by A 
in Fig. 19) were floated upon the rotating discs under negligible load and the electrical 
capacitance between each pad and its disc was measured. The films were protected 
from oil splash by the side shields indicated in the figure at (c). Since the pads were 
not loaded no high pressures could be generated beneath them. Consequently there 
was no deformation or possible effect of pressure upon dielectric constant to be con- 
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Fig. 19. The measurement of film thickness by pads; (a) disc machine, (b) pads (A) resting upon 
discs, (c) side shields to deflect oil splash from jet. 


sidered in interpreting the capacitances. However, to obtain film thicknesses more 
accurately than in order of magnitude the extent to which the space between pad 
and disc was oil-filled had to be known. This was measured in subsidiary experiments 
in which the oil filling was observed through a glass pad. 

By these means the thickness of each film carried by each disc was found and 
thereby the rate of oil flow between the discs and the thickness of oil separating the 
discs at the point of maximum pressure was obtained. 

At low loads the discs will, of course, be undeformed. The theoretical relationships 
between disc capacitance and film thickness and between pad capacitance and thick- 
ness are then of the same form and the pad capacitance should be proportional to the 
disc capacitance. This was found to be so experimentally and furthermore the meas- 
ured ratio of disc and pad capacitances confirmed that the calibration of the pad 
capacitance already described was materially correct. 

At loads exceeding a limit of approximately 20 kg/cm of face width of the discs, 
the disc capacitance continued to increase with load whilst the pad capacitance 
thereafter remained almost constant. This constancy of pad capacitance implied that 
the film thickness was no longer diminishing with load. However, this was not in- 
compatible with the continued increase of disc capacitance because, without any 
change in film thickness, the increase of deformation with load would, of itself, 
produce an increase in the disc capacitance, 
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This evidence suggested that the deformation of the discs did not become significant 
until the load had reached 20 kg/cm. Below that load then, one of the assumptions 
of the simple hydrodynamic theory was satisfied. However, comparisons of the pre- 
dictions of the simple theory with measured film thicknesses showed that the other 
assumption of the simple theory, the assumption that the oil viscosity is constant, 
began to break down at aload of about 2.5 kg/cm. Above 2.5 kg/cm the increase in viscos- 
ity with pressure led to greater film thicknesses than would otherwise be expected, and 
above a load of 20 kg/cm the deformation of the discs combined with the increase in 
viscosity to raise the film thicknesses far above those predicted by the simple theory. 
As shown already from the constancy of pad capacitance at the greater loads, the 
film thickness can be almost independent of load. This behaviour is quite contrary to 
the simple theory which predicts film thicknesses inversely proportional to load. 


- Load 
°9 200 400 G00 B00 1000 ]200 eee 
f°) 1 2 108 dyn 
(eigabm 


Fig. 20. Film thicknesses as a function of load. rolling discs peripheral speeds (a) 11.7 m/sec 
(b) 6.0 m/sec (c) 2.0 m/sec, — — —-—— with sliding (d) peripheral speeds 6 m/sec and 9 m/sec. 


Film thicknesses measured over a range of loads and speeds are shown in Fig. 20. 
The thicknesses are of the order I js. The curves (a), (b) and (c) refer to rolling condi- 
tions of decreasing speed, whilst the dashed curve (d) was obtained with a sliding 
component of 3 m/sec. The rolling curves show that as the speed was decreased and 
as the film thickness fell, the thickness became less sensitive to load; curve (c) shows 
a negligible variation with load. The initial fall of the curves on the left is due to the 
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transition from undeformed to deformed conditions; a transition which, in agreement 
with the curves, can be expected to occur at higher loads as the speed and, conse- 
quently, the film thickness increases. Curve (d), the curve obtained with 3 m/sec 
sliding, shows a much greater reduction of film thickness with load but, never- 
theless, the film thickness is of the same magnitude as under rolling conditions. 


Oil Oil 


Temperature 
of thermocouple 


fe) 10 20 30 40 50 
Time of running, minutes 


Fig. 21. The variation of film thickness at constant load under rolling conditions when the oil 
supply was interrupted; thickness, — —- —— — disc temperature. 


The influence of surface temperature 


Some further results obtained under rolling conditions are shown in Fig. 21. In the 
upper curve, film thicknesses are plotted against time of running. After the experi- 
ment had run for about 10 minutes the oil supply was turned off and it remained off 
for 25 minutes. The film thickness, however, fell gradually and only fell to approxi- 
mately 1. This proves, as already suggested in the explanation of the pad method, 
that the oil passing between the discs is retained on their surfaces — indeed for long 
periods. Furthermore, when the supply of oil was resumed the film thickness rose 
gradually to its initial value; not suddenly. Now if the drop in film thickness were 
due to the loss of oil from the discs, this loss would be repaired immediately when the 
oil supply was again turned on. This did not happen and, therefore, there must have 
been some other factor influencing the film thickness. In the lower curve the tempera- 
ture registered by a thermocouple resting upon one of the discs is plotted. This curve 
is the inverse of the thickness curve and suggests that the other factor is the surface 
temperature of the discs. It should also be noted that the change in film thickness 
which accompanied a 10°C rise in surface temperature was 0.4 4, a change much the 
same as that which accompanied the introduction of 3 m/sec sliding (curves (b) and 
(d) of Fig. 20). 
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Additional evidence of the influence of surface temperature was obtained when 
the discs were also sliding. Then, because of the greater work done against friction, 
a change in load produced a marked change in the temperature of the discs. The 
results are shown in Fig. 22 and again thicknesses and temperature are plotted against 
time but the load, not the oil supply, was changed. It is evident from the figure that 
no sudden change in thickness occurred when the load was decreased at 7 minutes nor 
when the initial load was reimposed, but that the change in film thickness awaited 
the change in disc temperature. 
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Fig. 22. The change in film thickness on changing the load under sliding conditions; —o— 
thickness, — — — disc temperature. 


Now when conditions are changed from rolling to rolling with sliding there are two 
distinct temperatures to be noted. The greater frictional work due to the sliding must 
first appear as heat in the oil within the conjunction of the discs. Indeed from the 
electrical measurements it 1s possible to demonstrate that this oil does reach a high 
temperature24. Secondly, heat in this oil will diffuse to the discs and raise their tem- 
perature. This in turn will raise the temperature of the oil as it enters the conjunction, 

It has been shown for both rolling and sliding conditions that a change of a few 
degrees Centigrade in the surface temperature of the discs is accompanied by much 

_the same change in film thickness as that which accompanies the change from rolling 
conditions to conditions of rolling with sliding and this is so despite the fact that in 
the latter case not only is there a change in surface temperature but, in addition, a 
greater change in the temperature of the oil within the conjunction. This suggests 
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that the temperature of the oil within the conjunction has little effect upon film 
thickness, whilst the temperature and, therefore, the viscosity of the oil as it enters 
the conjunction has a very large effect. The reason tor this, as substantiated by later 
work29, is that once the oil is within the pressure zone the influence of pressure pre- 
dominates, and even at the temperatures reached in sliding, once the oil is within 
the conjunction it passes through almost as a solid sheet. The film thickness is then 
controlled by the amount of oil which the discs gather into the pressure zone. This is 
a function ot the viscosity of the oil on the entry side. There little frictional work is 
dissipated and the important factor influencing viscosity and, as a result, film thick- 
ness, is the surface temperature of the discs. Independent evidence of the effect of 
surface temperature has been provided recently by friction measurements’®. 

The experiments already described show that there is a hydrodynamic film of 
approximately 1 y thickness, that the thickness does not vary greatly with load but 
is very sensitive to surface temperature. However, although the experiments were 
carried out over a range of loads and speeds of practical importance, highly polished 
discs were used. There are a number of tragedies which can overcome practical sur- 
faces before they ‘‘run-in”’ to a state approaching the polish of those discs. 


SCUFFING 

Whether the discs ‘‘run-in’’ or fail catastrophically can depend very much upon 
their initial treatment2?. Two pairs of discs which initially were similar are shown in 
Fig. 23. Full load was imposed from the start of running upon those at (a). Within 
a few minutes they scuffed; that is the surfaces became torn as in severe wear and 
subsequently the surface of the larger disc pitted profusely. They reached the state 
shown in the figure after 500 minutes running. The pair of discs shown at (b), which 
were of the same material as those at (a), did not have the full load imposed at the 
start but only a light load which, subsequently, was increased in steps. The load was 
raised only when resistance measurements indicated that fairly complete hydro- 
dynamic lubrication had been reached at each stage. The final load was nearly twice 
the load imposed upon the discs of (a). Figure (b) shows the discs after they had run 
for about 10.000 minutes at that final load. They are undamaged. 

An interesting feature of scuffing is that when discs scuff they do not fail imme- 
diately the scuffing load is imposed but there is a delay of, perhaps, 20 minutes. The 
influence of surface temperature upon film thickness suggests that this may be due to 
the temperature rise of the discs as the running continues. One of a number of experi- 
ments designed to test this is illustrated by Fig. 24. Two sets of discs were prepared 
with different face widths. At the top left a pair of full face width is shown and 
below a pair of reduced face width. Now at a given load per unit face width, the total 
load on the top pair was greater than that on the lower pair. Consequently, the fric- 
tional heat generated with the top pair was greater and, therefore, their surface 
temperature also. From the values on the right of the figure it is evident that the 
pair of full face width scuffed at a much lower load per unit face width than the 
other pair and this confirmed that surface temperature had influenced scuffing. 
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Fig. 23. The surfaces of two identical pairs of discs after running; (a) full load imposed from 
the start, (b) ‘run-in’. 


It would seem, then, that when the surface temperature is low, either because 
friction is low or because there has been insufficient time for the surfaces to become 
hot, the encounters between surface asperities can be relatively mild and not lead to 
scuffing. However, as the discs heat up the film thickness falls and unless, by mild 
wear or plastic deformation, the reduction of the roughnesses matches the reduction 
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Scuffing load 
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Fig. 24. The effect of track width upon the scuffing load. 


of film thickness, then scuffing ensues. The practical implication of this is, of course, 
that the surface temperature of gears should be reduced as far as possible. Indeed, 
because the experiment in which oil supply was turned off demonstrated that a 
negligible quantity of oil is required to maintain lubrication, it is evident that the 
large oil flows used in gear boxes are not required for lubrication but to remove the 
frictional heat. However, large quantities of oil supplied to the mesh aggravate the 
temperature problem because they increase churning losses and it would seem ad- 
visable, if practically possible, to take the heat away internally through the rim?8. 


PITTING 


Even it discs do not scuff they may subsequently fail by pitting. Pitting is due to 
the development of cracks which can often be seen in the surface. Eventually these 
cracks spread and a piece of material falls away leaving a crater in the surface. 
One interesting feature of pitting is that nearly always it occurs on the surface of 
lower peripheral speed even if that surface has been subjected to the greater number 
of stress cycles. WAY?? has explained this preference in terms of the hydrostatic pres- 
sures developed by oil trapped in the cracks. However, that explanation presupposes 
the existence of embryonic cracks in both surfaces whereas observation suggests that 
. the first signs of cracking occur on the slower moving disc. It was thought that a 
difference between the subsurface deformation of the two discs might contribute 
to the phenomenon and in some experiments with mild steel discs, subsurface defor- 
mation was studied!?, 

It was desirable to produce deformations which could be detected easily and, con- 
sequently, heavy loads were used. The first experiments were carried out with the 
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<- Direction of motion 


Fig. 25. A section perpendicular to the axis of a disc through a wire soldered into a hole initially 
radial. The bend of the wire indicates movement of material (diameter of wire, 1 mm). 


discs rolling and Fig. 25 shows a section of a disc cut perpendicular to its axis after 
an experiment. The section is also taken through a nickel wire which, before running, 
had been silver-soldered into a fine radial hole (1 mm diameter) drilled in the disc. 
The wire acted as a marker which revealed the movement of material. It is evident 
that the wire was sheared but this shear was not continued to the surface. There 
appears to be a rim of undisturbed material which was slightly rotated with respect 
to the hub ot the disc. Fig. 26 shows that this is indeed so. It is quite clear that at the 
surface itself the grains are undisturbed and that the disturbed material lies beneath 
an undisturbed layer. 


Direction of motion —-> 


Fig. 26. A section perpendicular to the axis of a disc showing undisturbed grains near the surface. 
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The direction of shear is also of interest. In Fig. 27 at (a) the discs are rolling and 
the lines show in diagrammatic form the direction of shear of the nickel wires; the 
direction of-movement of the surface layer is in the direction of rotation of the discs. 
At (b) the upper disc is rotating faster than the lower and the shear directions are 
those due to the frictional traction. If (a) and (b) be superimposed clearly the two 
shears reinforce each other in the lower disc, the disc of lower peripheral speed, but 
are in opposition in the disc of higher peripheral speed. 


(a) (b) 


Fig. 27. The direction of shear, (a) rolling (b) due to frictional traction when the upper disc has 
the greater peripheral speed. 


The loads used in these experiments were very heavy and in practice surfaces 
would not be so uniformly disturbed. It is possible, however, that the type of be- 
haviour shown by the discs would occur on practical surfaces where roughnesses 
produce local intensifications of the load. At these places one might expect a greater 
subsurface disturbance of the slower moving surface at which the etfects of the rolling 
and sliding combine®°, A corollary of this mechanism is that discs without asperities 


should not pit and a greatly enhanced pitting resistance of polished surfaces has been 
found?°, 


CONCLUSION 


There is a prospect that the hydrodynamic lubrication of line contacts, as occur 
in gears and roller bearings, will become adequately understood. That, however, will 
only solve the lubrication problem when conditions of complete hydrodynamic lubri- 
cation have been reached, The study of the failures which occur on the way to that 
ideal state and the allied study of wear under conditions of no lubrication are far 
from being established on a quantitative basis. 

Why is it that although the observation of wear must be almost as old as man it 
is still not possible to design mechanisms in relation to wear from fundamental prin- 
ciples even to the extent that structures are so designed in relation to fatigue or 
creep? The reason would seem to be that a rubbing system is naturally and inevi- 
tably close to a divide separating the successful from the catastrophic and that the 
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smallest of changes which, a priori, appear irrelevant, can raise a mechanism over the 
divide. The value of the scientific work which is now being done is that it does, to an 
increasing degree, indicate the factors of importance. It does not yet allow the predic- 
tion of whether a mechanism will be successful or not; that remains a problem which 
can only be answered in the particular by trying and seeing. 


ACKNOWLEDGEMENTS 


The author is indebted to Dr. W. Hirst and his other colleagues for many construc- 
tive criticisms of the text. He would also like to say that the task of describing work 
done in one laboratory has precluded drawing the attention of the reader to the great 
volume of important work now being done in many countries. However, a more 
comprehensive account of the field is available in the Proceedings of the 1957 Con- 
ference on Lubrication and Wear. Lastly, he would like to thank Dr. T. E. ALLIBONE, 
F.R.S., Director of the Research Laboratory, Associated Electrical Industries, for 
permission to publish this article. 


REPERENCES 


1 W. Hirst, Brit. J. Appl. Phys., 9 (1958) 125*. 

2 J. F. ARCHARD AND W. Hirst, Proc. Roy. Soc. (London), A, 236 (1956) 397*. 

8 W. Hirst anD J. K. Lancaster, J. Appl. Phys., 27 (1956) 1057*. 

4M. KerrinGeE, Proc. Phys. Soc. (London), B, 68 (1955) 400*. 

5 F. P. BOwDEN AND D. Tasor, The Friction and Lubrication of Solids, Oxford Univ. Press, 1950. 

6 B. G. RiGHtTmirE, Proc. Conf. on Lubrication and Wear, London, 1957, Inst. Mech. Engrts., 
London, p. 281. 

7 J. F. ARCHARD AND W. Hirst, Proc. Roy. Soc.(London), A, 238 (1957) 515*. 

8 J. Dyson anp W. Hirst, Proc. Phys. Soc.(London), B, 67 (1954) 309*. 

9 M. E. Hatne anv W. Hirst, Brit. J. Appl. Phys., 4 (1953) 239*. 

10 J. S. Haryipay, Proc. Inst. Mech. Engrs. (London), 169 (1955) 777*:- 

11 M. KERRIDGE AND J. K. LancasTER, Proc. Roy. Soc.(London), A, 236 (1956) 250*. 

12 N. C. WeEtsH, J]. Appl. Phys., 28 (1957) 960*. 

13 H. BLox, General Discussion on Lubrication, Inst. Mech. Engrs., London, 2 (1937) 222. 

14 J. F. ArcHarp, J. Appl. Phys., 24 (1953) 981*. 

15 H. E. Merritt, Proc. Inst. Mech. Engrs. (London), 129 (1935) 146. 

16 D. Tasor, Nature, 1So (1957) 1448. 

17 A. W. Crook, Proc. Inst. Mech. Engrs. (London), 171 (1957) 187*. 

18 H. M. Martin, Engineering, ro2 (1916) 119. 

19 P. W. Bripeman, The Physics of High Pressures, Bell and Sons, London, 1949. 

20 Pressure Viscosity Report, A.S.M.E., New York, 1953. 

21 A. N. Grusin, Central Scientific Research Institute for Technology and Mechanical Engi- 
neering, Book No. 30: Moscow, 1949. 

22 H. Brox, Gear Lubrication Symposium, J. Inst. Petroleum, 38 (1952) 673. 

23 W. LEwIcki, Engineer, 200 (1955) 212. 

24 A. W. Crook, Trans. Roy. Soc. (London), A, 250 (1958) 387*. 

25 A.W. Crook, Proc. Intern. Conf. on Gearing, London, 1958, Inst. Mech. Engrs., London, (in 
ress) *. 

26 - a MrsHarin, Proc. Intern. Conf. on Gearing, London, 1958, Inst. Mech. Engrs., London, 
in press). 

27 ie W. oe AND B. A. SHotrER, Proc. Conf. on Lubrication and Wear, London, 1957, Inst. 
Mech. Engrs., London, p. 205*. 

28 A. W. Crook, British Pat. Spec. No. 805672 (1958)*. 

29S. Way, J. Appl. Mechanics, 2 (1935) A 49. 

30 B. A. eae Proc. Intern. es re Gearing, London 1958, Inst. Mech. Engrs., London, 
(in press) *. 


s—-P from Aldermaston. 
ie Received December 29, 1958 


394 WEAR VOL. 2 (1958/59) 


PRACTICAL MEASURES TO PREVENT ABNORMAL 
WEAR IN A STEEL MILL. II 


J. DE VRIES 


Royal Netherlands Blast-furnaces and Steel-works, IJmuiden (The Netherlands) 


As asupplement to a previous paper!, another series of examples of wear prevention 
is given here. 


1. Open gears 

The top assembly of a blast furnace consists of a distributor, which is rotated by 
an open gear mechanism. 

Old method: Tooth wear was abnormally high owing to dust, fine ore and sand 
adhering to the surfaces of the teeth. The lubricant was applied by hand. 

New method: The open gear mechanism has been replaced by an enclosed worm 
reduction gear, bath-lubricated. 

Advantages: This new arrangement has proved to be satisfactory. Saving of man- 
hours and reduction of maintenance costs have been achieved. 


2. Moulding-sand mixer 


Sand, clay and water are mixed together to give a moulding-sand. The mixing is 
carried out in a bowl by means of rotating stirrer knives. 

Old method: The knives were made of manganese steel. During the mixing the 
sand—clay mixture is pressed by the rotating knives against the bottom of the bowl 
and in this way a very hard abrasive layer is formed. The rubbing contact between 
the knives and this layer not only caused violent vibration and irregular running, 
but also severe wear of the knives (about 2 cm per 8 hours). Every night the knives 
had to be replaced. 

Moreover, the heavy vibrations of the stirring mechanism caused abnormal wear 
of the other components, gears and bearings. The power consumption also was very 
high. 

New method: The metal knives have been replaced by knives made of wear-resistant 
rubber. 

Advantages: The lifetime of the rubber knives is about 3 weeks. Power consumption 


is reduced to normal; wear of gears and bearings is reduced. The maintenance costs 
have been reduced. 
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3. Lubrication by means of felt pads 


Steel moulding-cylinders used in a tube foundry have diameters varying from 
120 to 330 mm and lengths of 6,000 mm. The cylinders are inserted vertically into a 
mould at a speed of 0.35 m/sec. During the descent the cylinder is lubricated with 
steam cylinder oil by means of a two-part circular felt pad. 

Old method: The felt pads, when new, provided an even wetting of the cylinder 
surface. After 400 hours service, however, they became contaminated with clay and 
the rate of wear was considerable. Owing to the contamination the felt stiffened and 
this resulted in poor contact between pad and cylinder. Much oil was spoilt in this 
way and the lubrication was insufficient. 

New method: The felt pads were replaced by plastic sponge pads (Draka -D30). 

Advantages: Wear and contamination is far less, provided the oil supply is sufficient. 
The lifetime of the plastic sponge pads is twice that of felt pads. No oil is spoilt. 

Disadvantage: Insufficient oil supply will cause a rather rapid deterioration of the 
plastic sponge. 


4. Rotating table feeders 

The rotating tables situated in the sinter plant beneath the bunkers are used in 
the blending process of ore and return sinter fines. 

Old method: Heavy wear was experienced at the centre of the tables beneath the 
return sinter bunker owing to the impact and rubbing of hard abrasive sinter against 
the table surface. 

New method: The tables have been provided with extra steel discs connected with 
bolts. Ribs have been welded on the discs in a star pattern. During the rotation a 
layer of sinter is constantly kept between the ribs, thus forming a protective layer. 

Advantages: Wear, maintenance costs and downtime are greatly reduced. 


5. Sliding chutes 

Old method: Heavy wear was experienced on the bottom plates of the sliding chutes 
of the sinter plant owing to the abrasive effect of sinter. 

New method: Small ribs have been welded to the bottom plates. By this arrange- 
ment a thin layer of sinter is kept on the bottom plates thus forming a protective 
layer. 

Advantages: The useful life of the chute is prolonged considerably. 


6. Dust discharge tubes 

During the sintering process, air is drawn through the sintering band. The air flow 

carries a large amount of sinter fines and dust. To avoid dust entering the exhaust 

fans, which would have a harmful effect on the fan blades, the air flow is passed 

through dust collectors. The thorough dedusting of the gases is very important. 
The collected dust is led to the bunkers via a sloping tube. Owing to the abrasive 

effect of the material the tube had to be renewed very often. 
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Old method: Circular tubes. When these tubes became too thin, the whole tube 
had to be renewed. 

New method: Rectangular tubes. The bottom of the tube is lined with hard-wearing 
plates. 

Advantages: Only the bottom has to be replaced when necessary. This method is 
less expensive than the old one. 


1 J. DE Vries, Weary, I (1958/59) 239. 
Received March 10, 1959 
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Authors’ Abstracts 


The Adhesion and Strength Properties of Ice 


L. E. Raraty anp D. Tazor (Research Laboratory for the Physics and Chemistry 
of Surfaces, Department of Physical Chemistry, University of Cambridge)—Pvoc. Roy. 
Soc. (London), 245 (1958) 184-201, (16 fig., 22 ref.). 

This paper describes a study of the adhesion of ice to various solids. If water is 
frozen on to a clean metal surface the interface is stronger than the ice and fracture 
occurs within the ice itself. The detailed behaviour depends on the stresses developed 
near the interface. If tensile stresses are high the failure is brittle and the breaking 
stress is temperature-independent. If the tensile stresses are below a critical limit the 
the failure is ductile, and the breaking stress increases linearly as the temperature is 
reduced below o°C. Ductile failure appears to be determined by the onset of a critical 
creep rate and the variation of breaking stress with temperature may be explained 
in this way. This view is supported by the observation that small quantities of dis- 
solved salts which increase the creep rate of ice produce a parallel reduction in the 
adhesive strength. 

Surface contaminants on metals reduce the adhesion by a very large factor and it 
is suggested that this is due primarily to a reduction in the area over which strong 
metal/ice adhesion occurs. 

The adhesion of ice to polymeric materials differs from the adhesion to metals. 
The interfacial strength appears to be less than the strength of ice and failure occurs 
truly at the interface. 

Friction experiments carried out with clean and lubricated metals and polymers 
sliding on ice provide a measure of the shear strength of the solid/ice interface. The 
results show a marked parallelism with those obtained in the adhesion experiments ; 
this again emphasizes the close connexion between the friction and adhesion of solids. 

This study has some bearing on the de-icing of aircraft and of ships sailing in polar 
seas. The results suggest that ice layers may be removed most readily if brittle 
fracture can be achieved. Constraint of the ice inhibits brittle fracture and the forces 
to produce ductile failure are considerably greater. These forces may, however, be 
reduced by adding small quantities of suitable salts, since these reduce the resistance 
to ductile flow if the system is above the eutectic temperature. Finally, hydrophobic 
materials show a very low adhesion; this is particularly marked in the adhesion of 
ice to polytetrafluoroethylene. 
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Ignition of Firedamp by Stationary Metal Particles and Frictional Sparks 


F. P. Bowen AND R. D. Lewis (Research Laboratory for the Physics and Chemistry 
of Solids, Department of Physics, Cambridge)—Engineering, (1958) August 22, 2 pp.; 
(3 fies 2x ret.). 

Methane—air mixtures may readily be ignited by small stationary metal particles 
heated in the gas, the most easily ignitable mixture containing approximately 6.8% 
of methane. The minimum size of metal particle which is effective depends upon the 
nature of the metal: under the conditions of the experiments described, the order 
(in decreasing size of particle) was thorium, cerium, zirconium, titanium, magnesium, 
aluminium. This order runs parallel with the increasing heats of combustion of the 
metals and suggests that the amount of heat liberated by the burning particle is the 
important factor. With metals such as magnesium and aluminium, which have high 
heats of combustion, ignition of firedamp is obtained with particles as small as about 
I ug (see Table). 


MINIMUM WEIGHT OF PARTICLE WHICH CAUSES IGNITION 
AT 6.89% METHANE 


Minimum Heat of 
Metal weight combustion 
(ug) (keal/g) 
Aluminium I 72 
Magnesium I 6.0 
Titanium 4 4-5 
Zirconium 6 1.96 
Pyrophor bars 18 ~- 
Cerium 85 1.68 
Thorium 108 1.43 


Frictional experiments with rubbing metals show that the physical hot spots 
developed on the metal surfaces do not, under these conditions, cause ignition. If, 
however, small fragments of the frictionally heated metal are detached from the 
surface, they burn, reach a high temperature, and ignite the gas. The mechanical 
properties and the “‘brittle” nature of the metals are, therefore, of primary importance. 
Zirconium and “‘pyrophor’’ are effective in causing ignition in this manner. 


Static Electricity in Polymers. |. Theory and Measurement 


Victor E, SHASHOUA (Pioneering Research Division, Textile Fibers Department, 
E. I. du Pont de Nemours & Co., Wilmington, Delaware)—J. Polymer Science, 33 
(1958) 65-85; (15 fig., 11 ref.). 

A versatile instrument, The Static Propensity Tester, was constructed for the 
measurement of the rate of electrostatic charge build-up and decay on polymer films 
and fabrics. The tester was used for measuring the rates of both positive and negative 
potentials in the voltage range of 1000-10,000 volts. From such studies it was observed 
that above a certain minimum potential, it always took longer for charge to build 
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up on a sample than to decay. Also, the rate of charge decay was found to be depen- 
dent on the exposed surface area of a sample as well asits electrical resistance. The loss 
of charge from a given substance was postulated to occur by two processes, a conduc- 
tion process through the substrate and a radiation process through the atmosphere. 
In addition, polymers were found to exhibit a charge selectivity for the sign of the 
applied voltage, 7.e., wool had a faster negative charge decay rate whereas cellulose 
had a faster positive decay rate. The root-mean-square half-life of charge decay for 
positive and negative voltages was found to follow an exponential type law with 
respect to magnitude of charge and relative humidity. A simple test was devised for 
characterizing the antistatic behavior of polymers. 


Friction of Fibre Assemblies 


J. D. HuFFINGTON AND H. P. Stout (The British Jute Trade Research Association) - 
Research, rr (1958) 450. 

It is shown that for a number of natural and synthetic fibres contact between 
surfaces during sliding produces deformation of asperities such that the area of 
contact at a single asperity on the adhesion theory of friction varies with load w 
as wm where m= 0.6. This implies purely elastic deformation of the polymeric 
material. Frictional measurements under experimental conditions in which the total 
number of asperities NV is independent of the total load W are able to give, as a unique 
case, the value of m which corresponds to elastic deformation. Fibre assemblies are 
usually soft and flexible and their friction often involves contact between a relatively 
large number of asperities as compared, for example, with rigid solids, thus enabling 
the above unique condition of elastic deformation with a constant N to be approxi- 
mately realised over a certain range of loads at low loads. More generally N increases 
with load and this appears in the present experiments to be due to a second type of 
deformation, the deformation of the fibre assembly as a whole (e.g. yarn, cloth, 
fringe, etc.) so as to involve an increasing number of fibres in the contact region. 
This deformation usually follows a simple law which has been investigated for a 
number of types of fibre assembly. 


A continuation of this work will be published in a future issue of Wear. [Ed.]} 


Determination of Erosion in Turbojet Fuel Nozzles by Radiochemical Techniques 


H. R. Hazarp, P. Giuck (Battelle Memorial Institute, Columbus, Ohio), and R. W, 
TatE (Delavan Manufacturing Company, West Des Moines, lowa)—Mech. Eng., 80 
(1958) 58-60; (7 fig., no ref.). 

Turbojet fuel nozzles are precision devices which accurately meter fuel flow over 
wide pressure ranges, while maintaining an optimum spray pattern. Excessive erosion 
of metering parts results in unsatisfactory performance. Consequently, a study of the 
causes of wear was undertaken which led to the development of a radiotracer tech- 
nique for measuring erosion. This technique is unique in that wear rates of the order 
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of 1.0 + 0.3: 10-8 g per hour were measured with reliable reproducibility in over Loo 
tests. 

The experimental work was conducted in a flow bench in which high altitude flight 
conditions were simulated. The test apparatus included a fuel reservoir, a pump, a 
precision flowmeter, a fuel heater, a lead-shielded nozzle housing, a high-frequency 
induction heater, and a fuel cooler. 

JP-4 fuel, at temperatures to 500°F and pressures to 500 p.s.i., Was circulated for 
hours through a radioactive nozzle maintained at temperatures up to 1200°F by an 
induction coil. Wear rates were measured for different operating conditions and con- 
figurations of metering parts. Average wear rates were established from the total 
amount of radioactivity in the wear products collected during each test. The radio- 
active material, which accumulated in gum deposited in the heated sections of the 
system, was recovered in successive solvent and acid washes. Of the total wear 
products distributed in 3000 ml of liquids, 80° was retained in a 5 cm® filter bed 
of activated charcoal and ion-exchange resin by filtering the fuel and solvent washes. 

To achieve the sensitivity required, the 3-g metering parts were irradiated to a level 
of about 850 mC. The specific activity of the nozzle material, and thus the wear prod- 
ucts, was such that a counting rate of 3,000 counts/min/wg was obtained in a scin- 
tillation counter. 

Measured wear rates appeared to be in reasonable agreement with those determined 
in actual engines. However, in both laboratory and engine tests, large differences in 
erosion were observed for the same nozzle design. This was attributed to small vari- 
ations in nozzle construction or in test conditions. 

Each nozzle was given an overnight break-in run with cold fuel. When the hot fuel 
was introduced, a sharp rise in erosion rate (by a factor of 2 to 5) was observed. During 
subsequent periods at high temperature, the erosion rate dropped to lower levels and 
remained fairly constant. Rates for various nozzles ranged from a fraction of a micro- 
gram per hour to tens of micrograms per hour. 


Surface Erosion of Filled Plastics 


S. B. NEwman, S. D. TONER AND B. G. ACHHAMMER (National Bureau of Standards, 
Washington D.C.)—Modern Plastics, 36 (1958) 135-218; (6 tables, 12 fig., 7 ref.). 
Reinforced plastics were exposed to 50 cycles of washing with a hot detergent 
solution, rinsing, and drying. The materials studied included glass-fabric laminates 
prepared with polyester, diallyl phthalate, phenolic and epoxy resins, and panels 
molded from phenolic and melamine molding compounds containing both organic and 
inorganic bulk fillers. In most cases the cyclic wetting and drying resulted in surface 
erosion that led to crazing, cracking, and surface exposure of the fibrous fillers. As 
a group the molding compounds were poorer than the glass-fabric laminates in their 
resistance to surface erosion. A phenolic molding compound with nylon flock filler 
was outstanding in resistance to surface erosion and two melamine molding compounds 
with chopped-cotton-fabric filler showed comparatively little surface damage after 


VOL. 2 (1958/59) AUTHORS’ ABSTRACTS 401 


exposure to the 50 cycles of wetting and drying. The phenolic laminates with one 
exception were inferior to the polyester laminates in erosion resistance. The epoxy 
laminate included in this investigation appears to be higher in resistance to surface 
erosion than the polyester laminates. An overlay of metallic foil, polyethylene tere- 
phthalate film or gel-resin coating is suggested for increasing the resistance of filled 
plastics to surface erosion. 


The Thickness of the Hydrodynamic Film in a Disc Machine under Rolling and Rolling 
with Sliding Conditions 


A. W. Crook (Associated Electrical Industries Ltd., Aldermaston, England) — Proc. 
Intern. Conf. on Gearing, London, 1958, Inst. Mech. Engrs., London, (in the press). 
Discussion remark: 

The thickness of the hydrodynamic film has been measured by a method previously 
described (Wear, 2 (1958/59) 380 and Joc. cit. ref.24). It has been found that the film thick- 
ness is a single valued function of (uw), irrespective of whether the discs have equal or 
unequal peripheral speeds; mw is their mean peripheral speed and 7 is the viscosity of, 
the oil, not as supplied, but at the surface temperature of the discs. Consequently, 
sliding per se does not affect film thickness. However, temperature considerations 
and measurements of the effective viscosity of the oil within the pressure zone show 
that the effective viscosity on the introduction of sliding may be one hundredfold 
less than the effective viscosity under rolling. It is concluded that the reason why 
the film thickness is nevertheless unaffected is because the thickness is determined 
on the entry side before the oil becomes heated by friction. Furthermore, it is shown 
from the hydrodynamic equation that once a film thickness is established on the 
entry side, the oil retains a sufficient viscosity to maintain effectively that film 
thickness through the pressure zone in spite of frictional heat. 


The Influence of Conditions of Friction on the Magnitude of the Coefficient of Friction 
in Conditions of Rolling with Sliding 


J. A. MtsHarIn (U.S.S.R.) — Proc. Intern. Conf. on Gearing, London, 1958, Inst. Mech. 
Engrs., London, (in the press). 

In order to calculate the effect of scuffing of heavy-duty gears on the basis of 
thermal criteria it is necessary to know the coefficient of friction at the tooth con- 
tacts where scuffing might take place. The conditions of friction at these zones are 
characterized by large rolling speeds and sliding, and by large contact stresses. 

The experimental investigations of the influence of some factors upon the coeffi- 
cient of friction in these conditions were made on discs that were models of a tooth 
of a gear. 

The discs were machined from heat-treated, case-hardened and nitrated steels. 
The experiments were conducted at the speeds of sliding up to 12 m/sec, the total 
speeds of rolling up to 23 m/sec and contact shear stresses up to 4000 kg/cm®. The 
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viscosity of oils used in the experiments were 8.2 cS and 27.7 cS at 50°C and 20.9 cS 
at 100°C. 
As a result of this investigation it was established that the value of coefficient 
of friction: 
(x) is independent of the nature of the material; 
(2) is slightly dependent on the change of the contact stresses ; 
(3) is reduced with increase of sliding and total rolling velocities ; 
(4) increases with increase of the mass temperature of the rubbing bodies ; 
(5) decreases with increase in viscosity of the lubricating oil (at the same tempera- 
ture). 
The character of the experimental curves qualitatively corresponds to correlations 
theoretically established by Professor A. I. PETRUSEVITSH. These correlations are 
based upon the contact-hydrodynamic theory of lubrication. 
On the basis of these investigations experimentally established equations were 
recommended for calculations of the coefficient of friction under these conditions. 


Experiments with a Disc Machine to Determine Possible Influence of Surface Finish 
on Gear-tooth Performance 


B. A. SHOTTER (British Thomson-Houston Co. Ltd.) — Proc. Intern. Conf. on Gearing, 
London, 1958, Inst. Mech. Engrs., London, (in the press). 

A series of experiments has been carried out with speeds of rolling and sliding 
typical of those found in turbine reduction drives. In these experiments the surface 
finish ranged from coarse-turned to polished, and measurements were made of the 
friction and electrical resistance between the discs. Discs of alloy steels were run 
against discs of 0.4°% carbon steel. Tests by WaTson* showed no significant correla- 
tion between surface finish and the scuffing load of case-hardened discs. However, 
these tests on unhardened materials suggest that the initial surface finish may have 
a considerable effect on the normal behaviour of unhardened gear tooth surfaces. 

The friction measurements have shown that the better the imitial surface finish 
the lower the coefficient of friction of the run-in surface. The electrical resistance 
measurements on run-in surfaces indicate that more complete hydrodynamic support 
occurs as the initial surface finish is improved. These results, together with observa- 
tions of the surfaces suggest that initially rough discs, however well run-in, do not 
reach such close conformity as discs which are initially smooth. It would appear that 
although the running-in process eventually occurs all over the surfaces of the discs, 
the regions which bear the load at any instant are only a fraction of the apparent area 
of contact. It was also found that pitting started in regions of the surfaces that had 
been worn or deformed by the contact of the discs. Thus the polished discs, which 


showed very little evidence of contact after running, showed improved pitting 
resistance. 


* H. J. Watson, Conf. on Lubrication and Wear, London, 1957, p. 467. 
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Recent Russian Literature 
ee rene 


Cavitation Resistance of Electrodeposited Chromium 
M. G. TIMERBULATOV AND V. E. Knromovy (Translated from Vestnik Mashinostroeniya 
38 (2) (1958) 56-58).* 

There is some published information about the cavitation resistance of chromium 
plates!,2. We have studied the variation of this resistance with the plating conditions 
and in particular have established the dependence of this resistance on the plate 
hardness. ) 

The cavitation resistance of chromium plate was determined by testing with a 
magnetostrictional vibrator’, The amplitude of the vibrator vibrations was 60 j, the 
frequency 8300 counts/sec. The tests lasted three hours, the specimen was weighed 
after each test. Not less than three specimens were tested in parallel for each form of 
plating. 

In preliminary experiments the minimum thickness of bright chromium plate was 
determined, at which the effect of the basis metal on the plate hardness was eliminated ; 
in measurements with a 50 g load, constant hardnesses were found above a plate 
thickness of 20 yw, the figure for a 100 g load being 45 w. 

The hardness of bright plates varies only slightly between 45 and 55°C. 

The milky-mat plates, obtained above 55°C are considerably softer, due to a change 
in the structural modification of chromium and grain coarsening?» 

The milky plates show a better resistance to cavitation than the bright plates. 
At small plate thicknesses (about 20 yw) the weight loss of the bright plates in the second 
and third hours of testing increased considerably through wear of the basis metal. 

The weight loss from the milky plates of various thicknesses was practically the 
same in all cases. 

The character of the cavitational damage to the plates obtained by the two treat- 
ments indicated differed substantially also. The area of destruction of the bright, 
and therefore more brittle plates was large. Apparently the wear is concentrated here 
where destruction starts for some reason or other (cracks, highly stressed zones). In 
the milky plates, the seats of erosion are small and well distributed — evidence of 
the uniformity of the resistance of this type of plate to cavitational erosion. The 
pores in the surface layer of the plate determine cavitation resistance. 

The milky plate resists abrasion better than bright plate, which is quite important 
where it is necessary for chromium plated moving parts to make contact, ¢.g. in the 
valves of hydraulic presses. 

Milky chromium was also plated onto specimens of other steels after heat treatment. 
The cavitation resistance of the plate was practically independent of the nature of 


the basis metal. 
Tempering of milky chromium at 550°C for two hours, with air cooling, considerably 


* Condensed from Henry Brutcher Technical Translation No. 4212; 2 tables, 6 figures. Price 
$ 4.90. 
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lowers its cavitation resistance! due to the relief of internal stresses, the removal of 
hydrogen and perhaps recrystallization of the plate, which lowers its hardness. 

In our experiments, the cavitation resistance of milky chromium plate was 13 times 
that of steel 45, and not inferior to the resistances of the other steels heat treated 
to high hardness. 

The minimum thickness of chromium plate required to confer complete protection 
from cavitation through magnetostrictional vibration (amplitude of vibrations 60 /) 
for three hours is about 50 yz. The thickness of the plate should be increased for more 
severe cavitation or for longer protection. 

For example, 150-200 ys can be tentatively recommended for components of hy- 
draulic press valves. 


1 L. A. GLIKMAN, Corrosion Resistance of Metals, Mashgiz, 1955. 

2 N. A. Drozpov, Comparative Study of Cavitational Erosion of Metals with a Magnetostrictional 
Vibratoyr, TRUDY All-Union Hydraulic Machine RI, No. 17, Mashgiz, 1954. 

3 J. R. Krvanin, N. G. TIMERBULATOV AND G. I. BABUSHKINA, Study of the Cavitation Resistance 
of Steels for Hydroturbine Blades, Central Machine Building RI, Book 77, Mashgiz, 1955. 

4 S.A.Nemnonov, Zhur. Tekh. Fiz., 18 (1948) 239-246. (Availableas Brutcher Translation No. 3493). 

5 N. P. Fepor’ev, P. M. VyacHESLAvov AND V. V. Barpin, Hardness of chromium plate, J. 
Appl. Chem. U.S.S.R., 29 (3) (1956). 

6 V. I. LAINER AND N. T. KupryYAvtTsEv, Principles of Electroplating, Metallurgizdat, 1953. 


See also: Mechanical Properties of Chromium Deposits, Henry Brutcher, List C 396, about 25 
translations from Russian and German sources 1940-1955. [Ed. | 


Wear Resistance of Plain Carbon and High Chromium Steels 


D. YA. VISHNYAKOV AND A. G. VINITSKII (Aviation Technology Institute, Moscow) 
(Translated from Metallovedenie 1 Obrabotka Metallov, (4) (April 1957) 2—-9.* 

This paper deals with certain problems concerning the wear resistance of as-annealed 
plain carbon steels and high chromium steels of various structures. The fine pearlite 
structure in steels U7 and Ur2 was obtained by normalizing. The specimens were cut 
from bars having received the necessary heat treatment. Compositions of iron-chro- 
mium-carbon steels were chosen so as to get differing amounts of a particular type 
of carbide, on the basis of equal contents of alloying elements. 

For annealing the ingots were heated to 870-g00°C held at this temperature for 
1-2 hours, cooled in the furnace to 780~—790°C, and then held for 4—5 hours at this 
temperature, after which they were cooled to 300—400°C in the furnace and then in 
air. 

The structure and properties of the chromium alloys were studied by chemical, 
metallographic, X-ray, magnetic and resistometric analyses. The mechanical charac- 
teristics measured were hardness, bend and compressive strengths, and wear resist- 
ances. Also the carbide isolates from the alloys were subjected to chemical, X-ray 


and magnetic analyses. The carbides were isolated electrolytically and analyzed 
chemically by SAVERNAYA’s method!, 


* Condensed from Henry Brutcher Technical Translation No. 4137; 4tables and 7 figures. Price 
$ 6.70. 
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Wear tests were made on a universal Amsler machine by a special technique 
applicable to the working of open joints of caterpillar tracks?. Dry sliding friction 
(“dry friction’) and sliding friction with an abrasive between the faces in contact 
(“abrasive friction”) were studied. 

The method envisages a continuous change of the pressure on the friction surface 
during the test, with a constant load on the specimen (26 kg). The abrasive used in 
the abrasive-friction tests was a carefully sifted 70-mesh silica sand. The wear resist- 
ance of materials or of the friction pairs was estimated from the mean rate of volu- 
metric abrasion under pressures of 30—180 kg/cm2. 

The carbon steels suffered wear chiefly from temporary seizing, that is macroscopic 
areas of metal-to-metal contact were produced on the surfaces during mutual sliding, 
and these contacts were then broken®:4. The rupturing action generally extends to 
some depth and results in the tearing-out of metal particles from the surface of the 
upper specimens and their adhesion to the working surface of the hardened roller. 
In certain stages of the test not only was the wear on the roller small, but there was 
even a gain in weight on occasion. 

The presence of hard cementite particles in a carbon steel inhibits metal flow in 
deformation. The rate of wear of carbon steels decreases as the proportion of carbides 
increases. 

Alloying a solid solution with chromium and formation of complex carbides in 
chromium alloys considerably reduce wear. Wear occurs through metallic contact of 
microregions. 

Alloys with cubic chromium carbide have a higher wear resistance, if the carbides 
content exceeds 10°. During friction accompanied by plastic deformation the initial 
properties and structure of the surface layers change considerably. 

The presence of abrasive considerably modifies the results of wear tests. The re- 
distribution of volumetric wear between the upper and lower specimens is due to a 
change to another form of wear. In tests with abrasives, many of the quartz particles 
become wedged in the softer upper specimen and rapidly abrade the roller, although 
it is so hard. This effect may be intensified by the abrasive action of hard carbide 
particles. 

The resistance of plain carbon steels to the cutting action of abrasive particles is 
higher if the particles of cementite are present as thin plates between ferrite lamellas. 
The wear resistance of the steel then varies with the quantity and thickness of, and 
the distance between, the plates. 

Increase of the wear resistance of chromium alloys, due to increase in the amount 
of carbides, is considerably lower in abrasive friction than under dry friction. 

In the presence of abrasive there is considerable plastic deformation, but the strain 
hardening of the surface layer is less than under dry sliding friction. The hardening 
of the surface layer of steel 4 after testing amounts to 420 microhardness units. 

With exposed bushings in caterpillar tracks, abrasives from the soil get into the 
clearances and produce abrasive wear between certain contacting parts. One of the 
means of protecting the pinbores of the links from abrasion would be using materials 
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which would ensure that abrasive particles become embedded in the contacting sur- 
faces and thus prevented from causing great wear. However in the middle part of 
the pinbore, to which access of abrasive particles is difficult, the main form of wear 
is that due to seizure, and here the properties and structure of the materials in contact 
should be different. Our work has shown that the alloys studied show no superiority 
in tests with abrasives over steel LG13 (cast 13°% Mn steel) of which track links are 
made, when run against steel 37 Khs. 


N. A. SAVERINA, Physico-Chemical Methods of Investigation, Mashgiz, 1950. 

D. Ya. VISHNYAKOV AND A. G. VINITSKII, Zavodskaya Lab., 23 (1) (1957) 78-83. 

M. M. KurRusuHcov, Friction and Wear in Machines, U.S.S.R. Academy of Sciences, 1953. 

G. M. ZamorvueEy, Increase of the Wear Resistance and Service Life of Machines, Mashgiz, 1953. 
A. P. SEMENOV, Friction and Wear in Machines, U.S.S.R. Academy of Sciences, 1953. 
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Systematic Abstracts of Current Literature 


Reprinted from Battelle Technical Review 1959 
and from other sources 


1. DEFORMATION AND FRACTURE (see Authors’ Abstracts) 


2. FRICTION 


Frictional Properties of TFE Fluorocarbon 
Resins. 

A. J. G. Allan and F. M. Chapman. Materials 
im Design Engineering, v. 48, Oct. 1958, p. 
106-108. 

Data and discussion show that Teflon’s co- 
efficient of friction varies significantly with 
load, sliding speed and temperature. 


Friction and Lubrication of Machine Slides. 
T. M. Birchall and A. I. W. Moore. Metal- 
working Production, v. 102, no. 38, Sept. 19, 
1958, p. 1639-1645. 


A friction and lubrication study to provide 
design data for the slideways of machine tools. 


Analytical Determination of the Disk Fric- 
tion Coefficient in Turbulent Region. (in 
Russian) 

N. N. Kupriashin. Energomashinostroenie, v. 
4, no. 8, Aug. 1958, p. 17-19. 

A method of analytical determination of the 
coefficient of disk friction in developed tur- 
bulent regions and its adaptability in engi- 
neering calculations. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


Proceedings of the Conference on Lubri- 
cation and Wear, October 1-3, 1957. 

QII pp. 1957. The Institution of Mechanical 
Engineers, London. 


New Techniques Revealed at West Coast 
Lubrication Conference. 

Ernest Rabinowicz. Product Engineering, v. 
29, no. 46, Novy. 10, 1958, p. 84-85. 
Radioactive tracers, interference microsopy, 
and high-speed computers are making strong 
headway in bearing and lubrication research. 
Sixteen of the 26 papers presented at the 
ASLE/ASME Lubrication Conference in Los 
Angeles, Oct. 13-15, are reviewed here by a 
well-known specialist from MIT. 


3.2. Lubricants 


Glass Lubricants in Metallurgy. 

L. K. Kovalev and: V. A. Ryabov. Metal 
Industry, v. 93, Sept. 26, 1958, p. 249-251. 
(Translated from Steklo i Keramika by Ken- 
neth Shaw.) 

Reviews some of the applications of glass 
lubrication and the techniques involved in the 
processes. 


Development of Radiation Resistant Oils. 
J. G. Carroll, R. O. Bolt, and S. R. Claish. 
U. S. Atomic Energy Commission, AECU- 
3764, June 16, 1958, 38 pp. 

The objective of this work was to develop oils 
of maximum radiation stability from readily 


available ingredients. Lubricants in three vis- 
cosity grades were made from an alkylbenzene 
containing select polymers and inhibitors. 
Each new oil was subjected to standard tests 
to determine if it met the specifications for 
presently used mineral oils. 


Refrigeration Lubricants. 

R. T. Divers. Refrigerating Engineering, v. 66, 
Oct. 1958, p. 40 + 6 pages. 

Criteria, such as pour point, floc point, dielec- 
tric strength (as an indication of moisture 
content) and viscosity are insufficient alone 
for adequate evaluation of a lubricant. 


Grease Bleeding, Its Mechanisms & Meas- 
urement. 

E. G. Ellis. Scientific Lubrication, v. 10, Sept. 
1958, p. 20 + 5 pages. 

Stresses oil loss from lubricating greases, 
whether in storage or in use. 


Importance of Pumpability and Heat Stabili- 
ty in Industrial Greases. 

Wm. A. Magie. Ivon and Steel Engineer, v. 35, 
Oct. 1958, p. 87-91. 

Viscosity of oil is principal determining factor 
in pumpability of grease at low temperatures. 


3.3. Cutting Fluids 
Types and Properties of Cutting Fluids. 
E. L. H. Bastion. Canadian Metalworking, v. 


21, Oct. 1958, p. 16 + 5 pages. rts 
The selection of cutting or grinding fluid is 
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influenced by considerations of cost, necessary 
function, excellence of results required and 
facilities to utilize the fluids. 


Effect of Surface-Active Lubricants upon the 
Drawing of Metal Wire. (in Russian) 

V. D. Chistota, S. Ya. Veiler, V. I. Likhtman, 
and P. A. Rebinder. Doklady Akademii Nauk 
SSSR, vol. 110, no. 4, 19056, p. 562-505; 4 
figures, 1600 wds. (Henry Brutcher Trans- 
lation No. 3872, $ 3.90.) 

Study of action of various lubricants on the 
cold-drawing of steel wire. Correlation be- 
tween number of carbon atoms in chain of 
lubricant (alcohol, acid, hydrocarbon) and die 
pull. Effect of temperature (20°C and 60°C). 
Soap solution (0.4%) as lubricant for pre- 
strained wire. Importance of surface activity ; 
dependence of die pull on number of passes 
required, with and without previous strain 
hardening. Combined effects of surface activ- 
ity of medium and ductility or elasticity of 
metal. 


Mechanism of Action of Lubricants in the 
Working of Metals. (in Russian) 

S. Ya. Veiler, V. I. Likhtman, and P. A. Re- 
binder. Doklady Akademii Nauk SSSR, vol. 
110, no. 6, 1956, p. 985-988; 4 figures, 2100 
words. (Henry Brutcher, Translation No. 
3943, $ 4.90) 

Interpretation of action of lubricants in metal 
working in terms of reduction of thickness and 
build-up (‘‘plastic wave’’) in front of the tool, 
and of rendering surface layers more amenable 
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to plastic deformation. Specific advantages 
of surface-active lubricants in regard to their 
action on surface of metal, its elastic recovery, 
stress state, and surface quality. Examples: 
forcing a metal ball through an opening in 
sizing; wire drawing; and deep drawing. 


Relationships in the Drawing of Metal Wire 
in the Presence of Lubricants. (in Russian) 
S. Ya. Veiler and V. I. Likhtman. Doklady 
Akademii Nauk SSSR, vol. 114, no. 6, 1957, 
p- 1224-1227; 3 tables, 2 fig. (Henry Brutcher 
Technical Translation No. 4293.) 
Elimination of concept of co-efficient of fric- 
tion from equations for calculating the forces 
required for a given type of deformation in 
the working of metals by pressure. Experi- 
mental procedure developed by authors for 
excluding friction in the drawing process. 
Author’s expression for force required in 
drawing compared with that of F. P. Bowden. 
Equation evolved for quantitative evaluation 
of effect of various lubricants in the working 
of metals by pressure, specifically drawing of 
metal wire; agreement between calculated 
and experimental values. 


Action of Lubricants in Pressure Working of 
Metal. (in Russian) 

S. Ia. Veiler and V. I. Likhtman. Zhurnal 
Tekhnicheshot Fiziki, v. 28, no. 9, Sept. 1958, 
Pp. 2025-2034. 

Investigation of the effect of lubricants (so- 
dium oleate of various concentrations) on the 
wire and strip metal drawing process. 


4. BEARINGS, GEARS AND RELATED MACHINE PARTS 


4.1 Bearing Materials and Bearings 
Selecting Sleeve Bearing Materials. 

Richard Booser. Materials in Design Engi- 
neering, v. 48, Oct. 1958, p. 119-130. 
Materials in Design Engineering Manual No. 
153 covers properties and selection of bearing 
materials. 


Babbitting by Centrifugal Force. 

W. B. Keyser. Metal Progress, v. 74, no. 5, 
Nov. 1958, p. 90-91. 

The low strength of babbitt metal is overcome 
by bonding a thin layer of babbitt to a strong 
backing material. An improved centrifugal 
casting method results in a more uniform 
structure in the bearing metal. 


A Theory of Lubrication in Short Journal 
Bearings With Turbulent Flow. 

L. N. Tao. ASME, Transactions, v. 80, no. 8, 
Nov. 1958, p. 1734-1740. 

Expressions for the pressure distribution, the 
load capacity, and the attitude angle were 
obtained. Also, the condition of laminar flow 
is shown as the special case of this study. 


Theory of Oil Whip for Vertical Rotors Sup« 
ported by Plain Journal Bearings. 

Finn Orbeck. ASME, Transactions, v. 80, no. 
7, Oct. 1958, p. 1497-1502. 

Shows that by considering the pressure forces, 
the viscous drag forces, and the centrifugal 
forces acting on the journal in a plain journal 
bearing in oil whip, it is possible to obtain a 
rational explanation of this phenomenon. 


The Rectangular Plane Pad Bearing. 

Bengt Jakobsson and Leif Floberg. Chalmers 
Tekniska Hogskolas Handlingar, no. 203, 
1958, 43 pp. 

A theoretical treatment ofa bearing of infinite 
and finite width. 


Fluid Pressure Pads Float Rotor, Eliminate 
Metallic Contact. 

Design News, v. 13, Oct. 13, 1958, p. 46-47. 
Hydrostatic bearings support a grinding 
spindle rotor to prevent metal-to-metal con- 
tact between rotor and stationary bearings. 
The rotor is journalled on hydraulic fluid, and 
resists substantial radial and thrust loads 
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hydrostatically. It is driven by twin tangen- 
tial fluid jets. The design eliminates vibration, 
belt pull and radial loads. 


Slipper Bearings and Vibration Control in 
Small Gas Turbines. 

H. C. Hill. ASME, Transactions, v. 80, no. 8, 
Nov. 1958, p. 1756-1764. 

Several new principles of bearing design 
proved effective in improving the reliability 
and smoothness of small gas turbines. The 
key development is the tilting-slipper thrust 
bearing which not only provided important 
radial clearance, but also made possible higher 
speeds at higher thrust loads. One of the 
unique features considered important for per- 
formance and low production costs is that the 
slippers float in their retainers instead of 
having fixed pivots. 


Static and Dynamic Characteristics of Com- 
pensated Gas Bearings. 

Herbert H. Richardson. ASME, Transactions, 
v. 80, no. 7, Oct. 1958, p. 1503-1509. 

A comparison is made between two common 
types of hydrostatic gas bearings—the pool 
bearing and the inherently compensated 
bearing—and a design example for a specific 
bearing requirement is worked. 


5. WEAR AND 


5.1. Materials 


Twelfth Annual Review of Materials of Con- 
struction. 

Industrial and Engineering Chemistry, v. 50, 
Sept. 1958, pt. 2, p. 1426-1498. 
Characteristics and uses of Alalloys, ceramics, 
elastomers, fibers, Pb and its alloys, less 
common metals, Ni, including high-nickel 
alloys, plastics, protective coatings, stainless 
steels including other ferrous alloys, tin and 
its alloys, Ti, and wood. 


Future Metals. 

H. R. Ogden. Chemical Engineering Progress, 
v. 54, Nov. 1958, Pp. 54-57- 

Tungsten, tantalum, molybdenum, chromium, 
vanadium, niobium, and rhenium appear to 
have the best potentialities for extending the 
limits of present-day materials of construc- 
tion. Each of these metals has attractive 
properties such as good strength at high 
temperatures and/or corrosion resistance, 
which make them suitable for use in the fields 
of chemical equipment, high-temperature jet 
engines, rocket motors, high mach number 
airframes, and missiles, and other specialized 
applications. 


Less Common Metals. 

E. M. Sherwood. Industrial and Engineering 
Chemistry, v.50, Sept. 1958, Pp. 2, P-1455-1459- 
Reactive metals can be made more resistant 
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Air-Lubricated Bearings for High-Speed 
Motors and Turbines. (in Russian) 

S. A. Sheinberg and A. M. Kharitonov. Vest- 
nik Mashinostroeniia, v. 38, no. 9, Sept. 1958, 
p. 14-17. 

Description of a high-speed motor with air- 
lubricated bearings successfully tested in la- 
boratory and industrial conditions, in the 
latter as an internal grinding head. The head 
assures high-quality grinding and high effi- 
ciency. Design and manufacturing details. 


4.2. Gears and Seals 

The Casting and Heat Treating of Steel 
Gears. 

J. M. Calkins and Victor E. Zang. Metal 
Treating, v. 9, no. 5, Sept.-Oct. 1958, p. 12 + 
I page. 

The choice of material and type of heat treat- 
ment to be used in the processing of cast steel 
gears depends largely on the ultimate use of 
the gear and the allowable cost of the part. 


Recent Research on Hydraulic Seals. 

D. F. Denny. Scientific Lubrication, v. 10, 
SDs MOSS 8s TGS 

A consideration of the problems of sealing in 
the lubrication of bearings of turbine shafts. 


WEAR RESISTANCE 


to high temperature oxidation by alloying 
and the development of impervious, well- 
bonded protective surface coatings. The best 
progress has been made in protective coatings 
for Mo. The most promising work with Nb has 
been based on alloying. Special alloys of Zr, 
Ta, and Nb have been developed for the some- 
what unusual corrosive and other inimical 
conditions prevalent in nuclear reactors. 


The Wear of Metals. 

J. F. Archard. Scientific Lubrication, v. 10, 
Nov. 1958, p. 16-21. 

General explanation of wear phenomena. Use 
of radioactive tracers. Relations between 
wear rate and load. 


Plastics for Nose Cones. 

Irving Gruntfest. SAE Journal, v. 66, Nov. 
1958, P- 72-73: 

Plastics for nose cones and other parts of 
hypersonic vehicles are feasible because plas- 
tics decompose slowly. In this respect organic 
plastics may be more advantageous than 
metals. 


Investigation of Ceramic Materials in a 
Laboratory Rocket Motor. 

Jeb ebynch; Ja. Quirk, and W. H. Duck- 
worth. American Ceramic Society Bulletin, v. 


37, Oct. 1958, P. 443-445- : 
Thirty-four different ceramic materials were 
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evaluated as nozzle liners in a laboratory 
rocket motor employing oxygen and hydrogen 
as the propellants. The motor was operated 
with a four-to-one volume ratio of Hz and Og 
and with a chamber pressure of 200 Pp.s.i.a., 
giving a combustion temperature of about 
4500°F. Functional life of the motor with the 
various experimental nozzles ranged from 
less than 15 to 107 seconds, 


Tire Abrasion at Different Temperatures. 
C. J. Van Amerongen, J. F. Benders, and 
H. C. J. De Decker. Rubber Chemistry and 
Technology, v. 31, no. 3, July-Sept. 1958, p. 
650-654. (Translated from Kautschuk und 
Gummi, v. 10, no. 8, Aug. 1957, p. WI204 + 
2 pages.) 

The relative abrasion resistance of tire treads 
of various types was determined by relatively 
short but statistically reliable standard tests, 
with automobiles driven on streets. The de- 
pendence on temperature of the abrasion for 
SBR is markedly less than for natural rubber. 


5.2. Wear Resistance 

Industry’s War on Wear. 

Melvin Mandell. Dun’s Review and Modern 
Industry, v. 72, no. 5, Nov. 1958, p. 46 + 6 
pages. 

Today, to protect its investments in costlier, 
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more complex production equipment, top 
management itself is considering ways to 
improve maintenance. 


More Surface Polishing. Less Galling. 
William H. Moore. Product Engineering, v. 29, 
no. 48, Nov. 24, 1958, p. 63-65. 

Test results to show why components should 
be ‘“‘worn in”’ before they take loads and why 
cast irons are less likely to gall than steels 
or brasses. 


Effect of Heat Treating on [Abrasive] Wear 
Resistance of Steels for Earth-Moving Equip- 
ment. (in Russian) 

N. M. Serpik and M. M. Kantor. Metallove- 
denie 1 Obrabotka Metallov, no. 7, July 1958, 
p. 46-50; 4 figures, 1300 words. (Henry 
Brutcher, Translation No. 4284, $ 3.35) 
Study of abrasive wear of steel by soil: test 
stand used by authors and its operation. 
Correlation of resistance to wear by soil and 
composition, structure, and heat treatment of 
eight different steels, with 1.2% C, 13% Mn 
steel serving as reference steel. Test data ob- 
tained. Advantages of isothermal annealing 
over quenching ++ tempering. Reasons for in- 
ferior performance of austenitic manganese 
steel. 


6. ANALYSIS AND TESTING 


Methods of Determining Surface Roughness. 
M. K. Testerman. U.S. Airy Force, Wright Air 
Development Center, WADC Technical Report 
58-230, June 1958, 42 pp. 

Twelve techniques for investigating the mi- 
croscopic surface roughness of continuous 
surfaces are cited as background. Of these, 
measurements of polarization capacitance 
made in aqueous electrolyte solutions were 
reproducible. Experimentation was begun to 
establish a radioactive method for measuring 
surface roughness. 


A Sonic Spalling Test. 

J. F. Clements and W. R. Davis. British 
Ceramic Society, Transactions, v.57, Oct. 1958, 
p. 624-644. 

A spalling test is described in which a test- 
piece is made to vibrate at its resonant fre- 
quency while it is being heated. Cracking is 
indicated by sudden changes in frequency. 
Accurate and reproducible measurements can 
be made of the rate of heating that will crack 
the test-piece and of the temperature at 
which the crack occurs. 


Studien iiber das Korrosionsverhalten 
nichttrocknender Ole und Fette unter be- 
sonderer Beriicksichtigung moderner 
Schmiermittel und Konservierungsmittel fiir 
Metalle. 

Studies of the Corrosion Behavior of Non- 
Siccative Oils and Fats, With Special Con- 
sideration of Modern Lubricants and Preser- 
vative for Metals. 

A. Bukowiecki. Schweizer Archiv fiir Ange- 
wandte Wissenschaft und Technik, v. 24, July 
1958, Pp. 201-217. 

Corrosive effects of non-drying oils and fats 
and of their impurities on metals; use of these 
oils and fats as surface protection against 
water, aqueous saline solutions and acid 
vapors. Corrosive properties of mineral oils 
with or without additions, machine fats, syn- 
thetic lubricants. Protective capacity of oils 
and greases used on metallic parts. 


Piston Ring Wear. 

J. H. Deterding and J. R. B. Calow. Auto- 
mobile Engineer, v. 48, Oct. 1958, p. 378-381. 
The application of radiotracers to,the meas- 
urement of engine wear in moving vehicles. 


7. SURFACE TREATMENT AND FINISHING 


Surface Finish. Metallurgical and Mechan- 
ical Aspects. 
K. G. Lewis. Metal Treatment and Drop 


Forging, v. 25, Sept. 1958, p. 377-384. 


The various expressions used in the study of 
surface finish are described, together with the 
more important machine and material vari- 
ables which affect them. 
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Developments in Surface Hardening. 

E. Mitchell. Metal Tveatment and Drop Forg- 
img, V. 25, Oct. 1958, p. 425 + 6 pages. 
Surface treatment of steel parts, carried out 
either by altering the chemical composition 
of the surface, or by localized heating and 
cooling, giving an altered metallurgical struc- 
ture. 


Chemical Conversion Coatings for the Lu- 
brication of Titanium. 

E. L. White and P. D. Miller. Lubrication 
Engineering, v. 14, no. 11, Nov. 1958, p. 479- 
482. 

Titanium and its alloys have a severe ten- 
dency to seize and gall when in moving con- 
tact with themselves or other metals. Lubri- 
cation of the bare metal has been successful 
only to a limited extent. Galling can be great- 
ly reduced by using chemical conversion coat- 
ings with lubricants. Both anodic coatings 
and simple dip coatings hold lubricants effec- 
tively and eliminate or reduce galling in wear 
applications. The results of wear testing, wire 
drawing, and cold forming of sheet using 
conversion coatings are discussed. A satis- 
factory coating can be formed by anodizing 
in a 5% solution of NaOH. A fluoride-phos- 
phate conversion coating can be formed by 
simple immersions in a solution containing 
HF, KH, and Na3POa. 


8. MACHINING AND 


Machinability or Cutting Fluid Evaluation by 
Drilling Torque Test. 

R. D. Clouse and E. R. Hall. Lubrication 
Engineering, v. 14, Nov. 1958, p. 483-487. 
A laboratory power feed drill press was used 
to determine the machinability of two new, 
high-strength stainless steels. As a result of 
these studies, a technique for evaluating 
cutting fluids has been developed which 
yields an optimum tool life rating as well as 
relative cutting efficiency. Drill press tool life 
data produced curves that are very similar 
to those determined from lathe tool life data 
as expressed by the Taylor equation (Viv = 
C). A simplified test method for shop use is 
provided. 


Ceramics for Machine Tools. I-II. 

R. M. Gill and G. Spence. Ceramics, v. 9, 
Aug. 1958, p. 30 + 3 pages, Sept. 1958, Pp. 
27-31. 
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Dureté et sulfinuz. 

Hardness and “‘Sulfinuz’’. 

Y. de Villemeur. Métaux Corrosion-Industries, 
v. 33, July-Aug. 1958, p. 324-334. 
Particular advantages are given by the hard- 
ness and by amelioration to the fatigue resis- 
tance when they are subjected to “‘Sulfinuz’’. 


Metal Spraying Applications. 

Industrial Finishing (London), v. 10, Sept. 
1958, P. 34-35. 

May be used to build up worn parts, such as 
bearings, and as a protective coating. 


Aluminizing Engine Valves With Induction 
Heating. 

Miles Detling and Ottmar W. Noeske. A uto- 
motive Industries, v. 119, no. 8, Oct. 15, 1958, 
p. 65 + I page. 

The initial high cost of mass-producing alu- 
minized valves has brought about a method 
of metallizing and high-frequency induction 
heating which provides high quality standards 
and reduction in costs, while retaining the 
benefits of aluminum coating. 


Mechanized Valve Surfacing With the Oxy- 
Acetylene Flame. 

J. F. Barnes. Industry & Welding, v. 31, Oct. 
1958, p. 81 + 2 pages. 

Porosity, cracking and rough surfaces were 
eliminated when a mechanized surfacing 
set-up replaced a manual one. 
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Traces the development of ceramic cutting 
tools starting with the German “‘Sinterko- 
rund”’ of 1930. Best results in present-day 
tools are obtained by adding carefully con- 
trolled amounts of materials such as MgO, 
CaO, and SiOg in quantities up to a few per 
cent to an AlgO3 body. Experience with alu- 
mina-based cermets has indicated that small 
additions of metal give no increase in strength 
but merely serve to induce wear resistance. 


Kann die Schneidkeramik das Hartmetall 
ersetzen? 

Can the Ceramic Tool Replace Hard Alloy? 
F. Kolbl. Planseeberichte fiiy Pulvermetallurgve, 
v. 6, no. 2, Aug. 1958, p. 48-66. 

A review of development, manufacture, and 
properties of ceramic tools. Hardness, bending 
strength, and cutting speed relationship of 
various cutting tool materials. 
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Book Review 


a 


Reibung und Schmierung fester Kérper, von F. P. BowDEN uND D. TaBor (Springer-Verlag, 
Berlin-Géttingen-Heidelberg, 1959) Deutsche durchgearbeitete Ubersetzung der zweiten Auflage 
von E. H. Freirac. Gr. 8°; xi + 430 S.; 114 Abb., 32 Bildtafeln; Ganzleinen DM. 41.40. 


Mit dem Erscheinen der Ubersetzung dieses beriihmten Werkes wird eine wesentliche Liicke 
in der deutschsprachigen Literatur geschlossen. Da der schweizer Ubersetzer, Dr. FREITAG, 
selbst zur Arbeitsgruppe von F. P. BowpEn gehért konnte er alle Schwierigkeiten, die sich bei 
der Ubertragung in einé andere Sprache herausstellen, an Ort und Stelle tiberwinden. Obwohl 
der urspriingliche Text 5 Jahre alt ist enthalt die Ubersetzung viele Hinweise auf das inzwischen 
Erreichte. 7 

Das Buch richtet sich in erster Stelle an Materialuntersucher, gleichgiiltig ob sie nun einen 
mehr physikalisch oder mehr chemisch gerichteten Standpunkt einnehmen. Dariiber hinaus gibt 
es auch dem Konstrukteur niitzliche Hinweise auf Elementarprozesse die sich in Maschinenele- 
menten abspielen. 

Das eigentliche Thema wird in 14 Kapiteln besprochen: Vorgange an den Beriihrungsflachen, 
Oberflachentemperaturen, metallische und nichtmetallische Reibung, Grenzschmierung, Prall 
und schliesslich Verschleiss. 

Zwei Abschnitte geben die ersten Anssatze fiir Nachbargebiete, die inzwischen zu Hauptthemen 
der Cambridge’r Schule geworden sind: Adhasion und tribochemische Reaktionen. 

Auf Grund neuerer Untersuchungen tuber die Reibung als elastisch verlaufender Prozess 
wiirde heute vielleicht der Schwerpunkt der Darstellung etwas anders liegen. Jedoch beschreibt 
diese Monographie ein neues Kapitel der angewandten Physik, das in der deutschen Literatur 
wohl zuerst von Hotm behandelt wurde. Fir den Praktiker bedeutet es auch eine wesentliche 
Erganzung des Materials, das z.B. in den Monographien von VOGELPOHL, SCHMID UND WEBER 
und von KUHNEL geboten wird. 

Es werden neben dem Hauptthema viele Anwendungen, z.B. Polieren, Skilaufen, Klebstoffe, 
Explosivstoffe und photographische Platten, gestreift. Ein grosser Kreis technisch interessierter 
Leser sollte daher in dieser fesselnden Beschreibung durchsichtig aufgebauter Versuche Anregung 
zur Bearbeitung eigener Probleme finden. F 

Die Bildtafeln sind nicht ganz so deutlich wie die der urspriinglichen Ausgabe, dafiir ist jedoch 
der Preis des gut versorgten Buches innerhalb redlicher Grenzen geblieben. G.Sa 


Notes on Contributors 


A.W.Crook, Ph. D., F. Inst. P.: born at Southampton; received B.Sc. (Honours in Physics) from 
University College, Southampton, 1942; served as signals officer in the Royal Air Force, 1942- 
1946 when he returned to Southampton to carry out post-graduate research in optics; in 1948 
joined the Surface Physics Section of the Associated Electrical Industries Research Laboratory, 
and has worked for the last few years on the lubrication and wear of line contacts; is now a sub- 
section leader. [See p. 364] 


J. DE VrRi&s: (for biographical note see Wear, r (1957/58) 276). [See p. 394] 


Fuyio Hirano, Dr. Eng.,: born in Tokyo; graduated from Kytshit University in 1939; carried 
out research in the field of strength of materials and mechanical vibration during the war; since 
1947 has been engaged in research on wear and lubrication of machine parts and on problems 
of heat transfer ; is now professor of mechanical engineering at Kytsht University, Fukuoka, Japan. 


[See p. 349] 


ELISABETH PIETSCHMANN, Dipl.-Ing.: bornin Vienna (Austria) ; from 1950 to 1956 studied chem- 
istry at the Technische Hochschule, Vienna, where she had 2 years’ practice as a scientific 
assistant, working as a spectral analyst at the Institute of Physical Chemistry; in 1956 wasawarded 
the degree of Dipl. Ing. for a thesis on the recrystallization hardening of aluminium alloys; since 
then has been a member of the scientific staff of the Battelle Institute, Frankfurt/Main, Germany. 


[See p. 335] 


? Ng SUGIMOTO: born in Osaka (Japan); studied at Hokkaido University; taught at Yamanashi 
Technical College and Kyoto University; at present professor of mechanical engineering at 
Ritsumeikan University, Kyoto; has specialised in bearing lubrication. [See p. 329] 
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